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10 |  Chapter 1
1.1 memory
If I ask you about your vacation, what will you tell me? Probably you will 
talk about the location you went to, how you travelled there, what you did 
there and how the weather was. To do so, you will retrieve several pieces 
of information from long-term memory (LTM) (for example: London, train, 
visit museums, rainy) and reconstruct a story or ‘episode’ of that vacation. 
All these experiences are consolidated in our memory for the purpose of 
recombining and integrating them with new experiences at moments when 
specific information gets relevant again (Schacter & Addis, 2007). If you would 
visit London again you could use the knowledge you gained to navigate the 
city and update your old memory with new facts like a new museum that 
just opened (= reconsolidation) (Hardt, Einarsson, & Nader, 2010; Nader & 
Hardt, 2009).
Neurocognitive processes during encoding, consolidation and 
reconsolidation operations influence the mnemonic fate of our experiences. 
In this thesis I discuss online and offline encoding operations in the human 
brain and their impact on subsequent memorability. These encoding 
operations entail several ‘steps’ which can overlap in time. A stimulus in the 
environment grabs your attention and triggers formation of a representation 
from the sensory input. This representation can be maintained in working 
memory (WM) even when the sensory information is not present anymore. 
Possibly, it is manipulated, rehearsed or associated to other representations 
to enhance memorability. Finally, synaptic connections between neurons 
which process the specific stimulus get strengthened and in this way 
information is stored in the brain (Martin, Grimwood, & Morris, 2000). 
Many studies used functional magnetic resonance imaging (fMRI) to 
investigate which brain areas become activated or deactivated while 
information is encoded in LTM, or used electroencephalography (EEG) 
to learn when these brain areas are involved in the encoding processes. 
Oscillatory activity is often measured with EEG or magnetoencephalography 
(MEG), and provides mechanisms for coordinating integration of information 
in the brain (Buzsaki & Draguhn, 2004; Salinas & Sejnowski, 2001; Uhlhaas et 
al., 2009; Varela, Lachaux, Rodriguez, & Martinerie, 2001). Depending on the 
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frequency of the oscillations neuronal processing is enhanced or inhibited 
(Engel, Fries, & Singer, 2001; Pascal Fries, 2005; Jensen, Kaiser, & Lachaux, 
2007; Jensen & Mazaheri, 2010; Klimesch, Sauseng, & Hanslmayr, 2007). 
Power in various frequency bands is modulated in relation to cognitive 
functions, for example: processing of visual (Hoogenboom, Schoffelen, 
Oostenveld, Parkes, & Fries, 2006), auditory (Todorovic, van Ede, Maris, & 
de Lange, 2011) and somatosensory (Haegens, Osipova, Oostenveld, & 
Jensen, 2010) stimuli, language comprehension (Wang et al., accepted for 
publication), orienting attention (van Ede, de Lange, Jensen, & Maris, 2011) or 
sensory-motor integration (Van Der Werf, Jensen, Fries, & Medendorp, 2008). 
Relatively few studies have, however, described oscillatory activity in humans 
related to memory formation. In this thesis, I aim to provide more insight in 
oscillatory activity related to memory formation. However, first I will give you 
an introduction to memory and MEG research. I begin with discussing the 
neural processes happening in the brain when an event becomes encoded 
in LTM.  Later, I explain more about cortical oscillations: which patterns can 
be observed in MEG signals, how we interpret these patterns and the current 
knowledge about cortical oscillations during memory formation.
1.1.1 attention 
Encoding of a new memory starts with perception of information by the 
sensory system. A constant stream of sensory information is processed by our 
five senses. However, due to a limited processing capacity, not all elements 
and events in the environment can be processed simultaneously (Marois & 
Ivanoff, 2005). Sensory information which is most relevant for current or future 
behaviour attracts our attention the most. Thereby it is selected for further 
processing. To select relevant information, expectations and prior knowledge 
should be retrieved and utilized (Desimone, 1996; Stokes, Atherton, Patai, & 
Nobre, 2011). A real life example is finding your car in a parking lot. To find 
your car, you must find a car that matches with the mental representation of 
your own car. When you remember where you parked the car or even use 
the same parking place every day, finding your car becomes easier if you 
direct attention to this location. In a scientific setting, perception (Posner, 
Snyder, & Davidson, 1980) as well as memory performance (Uncapher & Rugg, 
2009) are enhanced for expected and therefore attended items. A couple of 
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studies show that brain activity just before presentation of an expected and 
relevant stimulus, predicts whether the stimulus will be remembered later 
on; a strong negative going event related potential (ERP) over frontal EEG 
electrodes is related to successful encoding of words (Gruber & Otten, 2010; 
Otten, Quayle, Akram, Ditewig, & Rugg, 2006). 
In sum, by attending to stimuli in the world around you, parts of the 
environment are selected. Generally, those parts will be perceived best. 
Expectations can guide attention to a relevant stimulus. Since information 
should be perceived to become encoded in an episodic memory, attentional 
processes are important to form and update these memories.  
1.1.2 representation
When a stimulus is attended and received by sensory areas in the brain, a 
representation can be formed. The concept ‘representation’ refers to two 
entities; a physical change in neurons which leads to a mental change or 
‘experience’. This relation between neural and mental ‘representations’ is 
evident. For example, when participants are exposed to the written name, 
spoken name or pictures of a certain celebrity, the same cells in the medial 
temporal lobe (MTL) were activated (Quiroga, Kraskov, Koch, & Fried, 2009). 
These cells seem to contain (part of ) a neural representation of the ‘concept’ 
of this specific celebrity. How mental experiences arise as a consequence of 
neural activations is still a major unanswered question in neuroscience. 
Neural representations of a single concept are thought to be distributed 
over many regions in the brain (Rissman & Wagner, 2010). Each of these 
regions processes a specific aspect of the stimulus. How do regions become 
responsive to a specific aspect of a stimulus? Sensory cortices are the only 
parts of the brain which receive information from the external world. Here, 
neighbouring neurons have similar response properties and these properties 
get less similar when the distance between neurons increases (Horton & 
Adams, 2005; Huberman, Feller, & Chapman, 2008). As neighbouring cells 
have both common and unique connections, each cell conveys information 
to a unique set of target-neurons. Through these connections, segregation 
of different types of information is established such that cell assemblies 
tend to respond to a particular aspect of the stimuli (Born & Tootell, 1992; 
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Hubel & Livingstone, 1987). If a cell receives inputs from multiple sensory 
streams, this cell potentially contains (parts of ) multimodal representations. 
As mentioned before, neurons in the hippocampus (Quiroga, et al., 2009) 
respond to stimulus-specific information from different modalities (the 
written name, spoken name and pictures of one person). Also other regions 
like the superior temporal sulcus (van der Linden, van Turennout, & Fernández, 
2011) can contain multimodal representations. In this way, depending on its 
connections, each cell conveys its own experience of the world. 
Evidence from fMRI studies indicates which brain regions respond strongest 
to a specific type of information and possibly hold parts of a neural 
representation. For example, face stimuli are known to activate the ‘fusiform 
face area’ (FFA) in the fusiform gyrus (Kanwisher, McDermott, & Chun, 1997), 
scenes the ‘parahippocampal place area’ (PPA) in the posterior part of the 
parahippocampal gyrus (Epstein & Kanwisher, 1998), and written words the 
‘visual word form area’ (VWFA) in the left fusiform gyrus (McCandliss, Cohen, 
& Dehaene, 2003). Though it should be noted that stimulus specific areas 
can overlap amongst different stimulus categories; for example scenes also 
activate the FFA but to a lesser extent than faces (Prince, Dennis, & Cabeza, 
2009). Because activations in certain areas are observed when participants 
encounter a specific type of information, one could think that it holds 
part of a neural representation of this information. If this is true, the area 
should be activated each time such a stimulus is presented. In addition, its 
response should differ when a participant sees a stimulus for the first time 
(a new representation should be formed) compared to when he or she has 
seen the stimulus before (a representation is already present). Accordingly, 
faces or scenes presented during an LTM encoding task activate neurons in 
the FFA or PPA, respectively. The same regions are activated again during a 
subsequent retrieval task in which the faces and scenes are brought back to 
mind (Prince, et al., 2009; Skinner, Grady, & Fernandes, 2010). In addition, the 
FFA and PPA are more active when watching a familiar than an unfamiliar 
face or scene, respectively (Epstein, Higgins, Jablonski, & Feiler, 2007; Henson, 
Shallice, & Dolan, 2000) indicating reactivation of an existing representation. 
When an unfamiliar stimulus is presented twice, a stronger activation is 
observed during its repetition (Henson, et al., 2000; Turk-Browne, Yi, Leber, & 
Chun, 2007), possibly reflecting the formation and/ or reactivation of a new 
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representation. Contrarily, when a familiar stimulus is presented twice, the 
brain response to the second presentation of the stimulus is attenuated. This 
is thought to be caused by neural adaptation i.e. a reduction of neural firing 
(Henson, et al., 2000; Krekelberg, Boynton, & van Wezel, 2006). 
More investigations of relations between specific aspects of the environment 
and activations of particular brain regions are still conducted. Since 
concepts are derived from multimodal information, it is generally thought 
that neural representations of a single concept are distributed over many 
‘representational areas’; each representing a specific part of the concept 
(Martin, 2007; Rissman & Wagner, 2010). Examples of representational areas 
are FFA, PPA and VWFA. Summarized, representational areas process a specific 
type of information and seem to hold (parts of ) representations.  
1.1.3 Working memory 
Generally, WM is defined as a system with a limited capacity for maintaining 
small amounts of information for a short period of time (Baddeley, 2012; 
D’Esposito, 2007; Jeneson & Squire, 2012). Information can be manipulated, 
rehearsed or associated to other information while it is maintained in WM. 
Thanks to this system; we are able to retain sensory information even after the 
external sensory signal has disappeared. Since only the current environment 
can be perceived, we rely on WM during large parts of our wakeful life. 
An influential model of the WM system was proposed by Baddeley 
(Baddeley, 2000; Baddeley & Hitch, 1974). It contains four components; an 
executive control system, the episodic buffer and two stores which maintain 
verbal and visual information. The central executive system is proposed to 
actively regulate the distribution of attentional resources and coordinate 
information within the verbal and visual WM stores. It controls cognitive 
processes, especially when routines will not lead to appropriate behaviour 
for the situation at hand. In such circumstances, the central executive system 
tries to invent a goal-oriented solution by integrating pieces of information 
maintained in WM. The episodic buffer is proposed to draw information from 
the two WM stores, integrate it with knowledge retrieved from LTM, and 
maintain the integrated form of this information. The verbal and visual WM 
stores are proposed to maintain verbal and visual representations. According 
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to Baddeley, various types of experiences can be transformed in a verbal or 
visual representation. Later, he proposed how experiences which cannot be 
transformed in such representations might be maintained in the context 
of his model. He speculated that visual, spatial and haptic information is 
maintained in the visual store and speech, sign language, lip reading, music 
and environmental sounds in the verbal store (Baddeley, 2012).
Knowledge of the neurobiological basis of these WM components is 
acquired through functional neuroimaging and lesion studies. Recently, a 
‘core’  WM network is proposed by Rottschy and colleagues after analyzing 
the results of ~190 fMRI studies investigating WM (Rottschy et al., 2012). 
This ‘core’ WM network includes: left inferior frontal gyrus, anterior insula, 
lateral prefrontal cortex, premotor cortex, (pre-)supplementary motor area, 
intraparietal sulcus, superior parietal lobule, ventral visual stream, basal 
ganglia and thalamus. However, research on the WM network started with 
a strong focus on the prefrontal cortex and medial temporal lobe (MTL). 
During maintenance of visual stimuli, sustained enhanced spiking activity 
was observed in prefrontal cortex neurons (Funahashi, Bruce, & Goldman-
Rakic, 1989; Fuster & Alexander, 1971). This spiking activity appeared to be 
stimulus specific (Funahashi, et al., 1989; Miller, Erickson, & Desimone, 1996) 
indicating that the sustained activity reflects maintenance of stimulus 
information. Other evidence is obtained from lesion studies. Lesions in the 
prefrontal cortex can impair the ability to maintain representations of sensrory 
information which are no longer present in the environment (Funahashi, 
Bruce, & Goldman-Rakic, 1993; Mishkin, 1957). The role of the MTL in WM 
operations is still debated. The MTL is known for its important role in long-
term memory formation and spatial processing. Lesions of the MTL impair 
WM maintenance when monkeys maintain objects (Zola-Morgan & Squire, 
1985), and when humans maintain associations (Finke et al., 2008; Hannula, 
Tranel, & Cohen, 2006; Olson, Page, Moore, Chatterjee, & Verfaellie, 2006). In 
fMRI studies, activations in the MTL are observed when healthy participants 
perform WM tasks containing both single (Axmacher et al., 2007; Ranganath, 
Cohen, & Brozinsky, 2005) and multiple items per trial (Piekema, Kessels, Mars, 
Petersson, & Fernández, 2006). Based on the results so far, some researchers 
conclude that the MTL is involved in WM operations. Others argue that WM 
operations rely on LTM operations if material to be learned exceeds working 
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memory capacity, material is difficult to rehearse, or if attention is diverted. 
They conclude that MTL is not involved in WM operations (Jeneson & Squire, 
2012). Nevertheless, most researchers agree that there is a tight relationship 
between maintenance in WM and successful memory formation. Behavioural 
experiments show that performance on a surprise LTM test depends on how 
well participants maintain stimuli in WM (Axmacher, Schmitz, Weinreich, 
Elger, & Fell, 2008; Ranganath, et al., 2005). 
To summarize, the multicomponent theory by Baddeley is the most influential 
model of the working memory system. Researchers reached consensus about 
involvement of the prefrontal cortex in working memory operations but the 
role of the MTL is still debated. To encode information in LTM, it needs to be 
maintained in working memory first. However, the moment of ‘information 
transfer’ from WM to LTM is hard to define or measure.
Rehearsal
Rehearsal can be defined as a conscious way of manipulating information 
which is maintained in WM, often with the goal to encode this information 
in LTM. There are many ways to rehearse information among which: rote 
rehearsal, processing of meaning, associating to related information, 
reordering information according to a certain criterion, giving items a 
‘location,’ dividing information in chunks and making judgements of various 
types like size, rhyme and location. Generally, active rehearsal improves 
encoding in LTM compared to pure maintenance. Fergus Craik performed 
the first experiments showing this relation. In his experiments, participants 
had to learn single words. Per word, one out if three questions was posed in 
the encoding phase: 1) Is the word written in lower case? 2) Does the word 
rhyme with … (fill in another word)… ? or 3) Does the word fit the following 
sentence? Here, participants judged whether the presented word fitted at a 
specific location in a sentence. The probability of recognizing words in a test 
increased considerably when participants had answered a question requiring 
more elaborate processing of the word, such as a congruency judgement of 
the location of a word in a given sentence (Craik & Tulving, 1975). This effect is 
replicated many times (Baker, Sanders, Maccotta, & Buckner, 2001; Fliessbach, 
Buerger, Trautner, Elger, & Weber, 2010; Hanslmayr, Spitzer, & Bauml, 2009; 
Otten & Henson, 2001; Schott et al., 2011; Wagner et al., 1998). In such tasks, 
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performance on this test is comparable when participants know they will do 
a recognition test and when they are not informed about the test (Craik & 
Tulving, 1975). This result suggests that performance on the recognition test 
depends on how the word was processed instead of the motivation to apply 
a certain rehearsal strategy; if people feel the need to encode information 
in LTM, they tend to use a more elaborate or ‘deep’ rehearsal strategy. In 
accordance,  if information is very relevant to perform well on a task, it is 
remembered more often than similar information which is less relevant to 
perform well on the task (Uncapher & Rugg, 2009; Wegman & Janzen, 2011). 
Generally, elaborate processing facilitates formation of associations between 
new information and pre-existing knowledge (also called a schema) (Craik, 
2007). Integrating new information with pre-existing knowledge occurs more 
easily if an extensive schema/ ‘expertise’ on a specific topic is already formed 
in the past (Tse et al., 2007; van Kesteren, Rijpkema, Ruiter, Morris, & Fernández, 
submitted) and if new information is congruent with this existing schema 
(Staresina, Gray, & Davachi, 2009; van Kesteren, Rijpkema, Ruiter, & Fernández, 
2010). Then, chances increase that new information becomes represented 
by a widespread network of representational areas; consolidation (Frankland 
& Bontempi, 2005; Nieuwenhuis et al., 2011; Takashima et al., 2009). 
FMRI studies examining which brain areas are engaged during both deep 
semantic processing and successful encoding, consistently show activations 
in the left prefrontal cortex and left MTL (Fliessbach, et al., 2010; Otten & 
Henson, 2001; Schott, et al., 2011; Wagner, et al., 1998). Depending on 
the task, other areas can be involved in elaborate processing of stimuli. If 
subjects judge whether a word refers to something larger or smaller than a 
shoe box, the fusiform gyri are more active during later remembered than 
later forgotten trials (the subsequent memory effect, SME) (Fliessbach, et 
al., 2010). Also, participants who rehearse locations of pictures in a spatial 
WM task are thought to make covert eye movements to the locations the 
pictures appeared. Accompanying activity in the frontal eye fields supports 
this idea (Courtney, Petit, Maisog, Ungerleider, & Haxby, 1998).
Summarized, information can be rehearsed in many ways. Generally, 
rehearsing increases the likelihood of information being encoded in LTM. 
Depending on the strategy one uses to rehearse information, a different 
network of representational areas is expected to be engaged.
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1.1.4 subsequent memory effects
A subsequent memory effect (SME) is the result of a comparison of encoding 
related neural activity on trials which appear to be remembered or forgotten 
during a subsequent test (Sanquist, Rohrbaugh, Syndulko, & Lindsley, 1980). 
The SME illustrates which additional activity in the brain relates to successful 
encoding of information in LTM. This additional activity is generated by a 
mixture of all processing steps described in this introduction. Each perceptual 
processing/ maintenance/ manipulation step might happen during different 
(but possibly overlapping) periods in time. It is therefore hard to distinguish 
modulations in brain activity related to each specific processing step.  
Magnetoencephalography (MEG) and electroencephalography (EEG) 
studies can record data with a millisecond time resolution but have a limited 
spatial resolution (for more information on EEG/MEG signals read part 1.2 of 
the introduction). EEG and MEG studies so far have shown that oscillatory 
activity during presentation and maintenance of visual stimuli is not similar. 
In the visual cortex, gamma activity is observed during presentation of 
a stimulus, but is not present during subsequent maintenance intervals 
(Jokisch & Jensen, 2007; Van Der Werf, et al., 2008). In addition, alpha power 
is low during stimulus presentation but increases during maintenance and 
rehearsal intervals (Jensen, Gelfand, Kounios, & Lisman, 2002; Jokisch & 
Jensen, 2007; Tuladhar et al., 2007). In this thesis, the analyses were focused 
on SMEs in the maintenance and rehearsal period; just after the stimulus 
disappeared from the screen. 
Also in many fMRI studies, SMEs are investigated. These studies show which 
brain areas are involved in successful memory formation (for reviews and 
meta-analyses see: Blumenfeld & Ranganath, 2006; Kim, 2011; Paller & 
Wagner, 2002; Uncapher & Wagner, 2009). According to the meta-analysis 
of Kim, SMEs are consistently found in five areas: left inferior frontal cortex 
(Brodmann areas (BA) 44, 45, 46, 47), bilateral fusiform cortex (BA 37), bilateral 
MTL, bilateral premotor cortex (BA 6), and bilateral posterior parietal cortex 
centered around the intraparietal sulcus (BA 7) (Kim, 2011). When they 
performed two separate analysis on studies in which participants encoded 
verbal or pictorial stimuli, slight differences in the patterns of activations 
are observed (see Table 1). These results are in line with other studies in 
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which language and picture processing are investigated without a memory 
component. The inferior frontal cortex is thought to integrate semantic, 
phonologic and syntactic aspects of words and sentences, while the fusiform 
cortex processes visual information in pictorial stimuli; for example faces, 
other body parts, natural and artificial objects (Hagoort, 2005; Kriegeskorte 
et al., 2008). The crucial role of the MTL for memory formation became clear 
when large parts of the MTL were removed from H.M.’s brain to cure him from 
epilepsy (Scoville & Milner, 1957). He was not able to encode new information 
in LTM anymore. According to Kim, posterior parietal and premotor cortices 
are part of the fronto-parietal attention network and contribute to successful 
memory formation through their role in attentional processes (more ideas to 
explain effects in the parietal cortex are discussed in Chapter 2 and 4 of this 
thesis). 
Blumenfeld and Ranganath focused their review on SMEs in the frontal cortex. 
According to their analysis, most studies report SMEs in the ventrolateral 
prefrontal cortex (VLPFC, BA 6, 44, 45, 47) and only a few in the dorsolateral 
prefrontal cortex (DLPFC, BA 9, 46) (Blumenfeld & Ranganath, 2006). The 
majority of the effects in the dorsolateral prefrontal cortex appears to be 
larger during trials in which encoding failed (the subsequent forgetting 
effect (SFE), also called negative subsequent memory effect). They suggest 
that processes in the VLPFC and DLPFC can both support memory formation. 
The VLPFC contributes to selecting goal-relevant information by which the 
representation of specific features in the stimulus can be strengthened. The 
DLPFC is thought to be involved in organizing multiple pieces of information 
in WM. Thereby it could form stronger associations. 
Verbal stimuli Pictorial stimuli
Left inferior frontal cortex Bilateral fusiform cortex
Left fusiform gyrus Bilateral hippocampus
Left premotor cortex Left premotor cortex
Left posterior parietal cortex Bilateral posterior parietal cortex
left MTL Bilateral inferior prefrontal cortex
Table 1: SMEs during encoding of single verbal and pictorial stimuli separately. Sorted 
according to the spatial extend of the effect ( Data from (Kim, 2011)
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Uncapher and Wagner reviewed fMRI studies showing SMEs in the parietal 
cortex and concluded that SMEs are mainly found in the dorsal posterior 
parietal cortex (superior parietal lobule and intraparietal sulcus) and 
SFEs mainly in the ventral posterior parietal cortex (supramarginal gyrus, 
temporoparietal junction, angular gyrus) (Uncapher & Wagner, 2009). They 
interpret these results according to the dual-attention theory (Corbetta, 
Patel, & Shulman, 2008) and suggest that the dorsal posterior parietal cortex 
supports goal directed allocation of attention whereas the ventral posterior 
parietal cortex supports orienting to information that captures attention. 
The results indicate that allocating attention to the stimulus increases the 
probability of it being remembered while directing attention away from the 
stimulus might harm encoding in LTM (Uncapher & Wagner, 2009).
Summarized, the SME is the average difference in brain activity during 
later remembered and later forgotten encoding trials. SMEs indicate which 
processes contribute to successful memory formation and are consistently 
found in a specific network of brain areas. 
1.2 meg and osCillatory aCtiVity 
In this thesis, the non-invasive neuroimaging technique magnetoencephalo-
graphy (MEG) is used to measure brain activity. It measures magnetic fields 
which are generated by electric currents in the dendrites of large groups 
of neurons. The dendrites receive chemical and electrical messages from 
numerous presynaptic neurons and integrate these inputs. Depending on the 
type of input; excitatory or inhibitory, the membrane potential depolarizes or 
hyperpolarizes respectively. Magnetic fields measured with MEG are mainly 
generated by excitatory inputs to these dendrites. Excitatory inputs are 
typically received at the distal parts of the dendrites while inhibitory inputs 
are mainly received near the soma. Since excitatory currents travel further to 
reach the soma they make a larger contribution to the MEG signal. 
Magnetoencephalographs measure signals from an array of sensors 
covering the whole brain. Signals originating from the neocortex are 
measured with a high temporal resolution (millisecond) and a reasonably 
good spatial resolution (~ 1 cm2). Signals produced by areas deeper in the 
brain, for example the MTL, are often too weak to measure reliably. Not only 
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the location determines whether signals can be measured with MEG. To 
measure a strong MEG signal numerous neurons must operate in synchrony 
and ideally dendrites of these neurons should lie parallel to the brain surface.
MEG signals are composed of oscillations of many frequencies (0.01-200 
Hz) and noise. Usually, researchers report phase and/ or power estimates of 
oscillations in the MEG signals but also event related fields (ERFs) can be of 
interest. In this thesis, power modulations in the alpha (8-12 Hz), beta (13-30 
Hz) and gamma (> 30Hz) frequency bands were investigated while subjects 
encoded information in LTM.  
1.2.1 alpha band
In 1929, Hans Berger described electroencephalic (EEG) signals for the first 
time (Berger, 1929). He observed oscillations with a frequency of about 10 Hz 
and called them the alpha rhythm. The alpha rhythm is still the only rhythm 
which can be seen with the naked eye in EEG and MEG signals, meaning 
that it has the highest amplitude compared to other rhythms. Since the 
strongest rhythm is expected to play an important role, numerous studies 
investigated the role of alpha activity (8-12Hz) during cognitive processes 
and during rest. Modulations of alpha power are mainly observed in 
sensory regions. Generally, alpha power increases when the region is not 
involved in processing information. Alpha power in the visual cortex for 
instance, increases considerably when people close their eyes (Chapman, 
Armington, & Bragdon, 1962; Volavka, Matoušek, & Roubíček, 1967). When 
the visual cortex in one hemisphere is used to process visual stimuli, alpha 
power is stronger in the task-irrelevant (ipsilateral) hemisphere than in the 
task-relevant (contralateral) hemisphere (Händel, Haarmeier, & Jensen, 2011; 
Kelly, Lalor, Reilly, & Foxe, 2006; Sauseng et al., 2009; Worden, Foxe, Wang, & 
Simpson, 2000). In addition, alpha power in task-irrelevant areas is related 
to how demanding the task is. When participants maintain two or four 
stimuli in WM, alpha power over posterior parts of the brain is strongest 
during maintenance of four stimuli (Jensen, et al., 2002; Sauseng, et al., 2009; 
Tuladhar, et al., 2007). Alpha power over posterior sensors also increases 
more if participants know that a visual distracter can disturb them while 
maintaining a visual stimulus, than if they know a distracter will hardly interfere 
with their task (Bonnefond & Jensen, submitted). These results support the 
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hypothesis stating that high alpha power reflects functional inhibition of 
task-irrelevant areas (Jensen & Mazaheri, 2010; Klimesch, et al., 2007; Thut & 
Miniussi, 2009). Possibly, inhibiting irrelevant regions is even as important 
as activating relevant regions to perform a task optimally. Several studies 
have shown a relationship between alpha power and task performance. Low 
alpha power in the visual cortex facilitates detection of stimuli (Hanslmayr et 
al., 2007; Mathewson, Gratton, Fabiani, Beck, & Ro, 2009; van Dijk, Schoffelen, 
Oostenveld, & Jensen, 2008), while high alpha power in task-irrelevant areas 
is associated to successful maintenance of stimuli in WM (Haegens, et al., 
2010). Inhibition of task-irrelevant areas could lead to better performance by 
preventing interference (Bonnefond & Jensen, submitted) and shaping of the 
functional network (Jensen & Mazaheri, 2010). The physiological mechanism 
behind the inhibiting role of alpha oscillations is not yet clear. 
1.2.2 Beta band
Oscillations in the beta band (12-30 Hz) are strongest over the somatosensory 
and motor cortex (Baker, 2007; Jasper & Penfield, 1949; Neuper & Pfurtscheller, 
2001). It is well known that beta power decreases when people plan or 
execute movements and increases just after moving (this increase is also 
called the beta rebound) (Baker, 2007; Caetano, Jousmaki, & Hari, 2007; Jasper 
& Penfield, 1949; Jurkiewicz, Gaetz, Bostan, & D., 2006; Neuper & Pfurtscheller, 
2001; Pfurtscheller, Stancák, & Neuper, 1996). Furthermore, when people 
observe movements of others (Caetano, et al., 2007; Koelewijn, van Schie, 
Bekkering, Oostenveld, & Jensen, 2008) or imagine making a movement, 
beta (and alpha) power over central sensors decreases (de Lange, Jensen, 
Bauer, & Toni, 2008; Pfurtscheller, Neuper, Brunner, & da Silva, 2005). Likewise, 
when strong beta activity is recorded from the motor cortex, performance 
on movement tasks is impaired (Swann et al., 2009; Zhang, Wang, Bressler, 
Chen, & Ding, 2008). The data suggest that beta oscillations behave in a 
similar way as alpha oscillations; low beta power in task-relevant areas 
and stronger beta activity in task-irrelevant areas seem important to move 
optimally. Some studies indicate that beta oscillations have a functional 
rather than inhibitory role i.e. maintenance of the current sensory-motor or 
cognitive state (Engel & Fries, 2010), sensory-motor integration (Baker, 2007) 
or facilitating communication between sensory-motor areas (Brovelli et al., 
2004). 
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Not only in motor related studies researchers show decreased beta power 
in task-relevant areas, when investigating language or memory related 
processes in the brain similar effects are found. Deceased power in the beta 
band over left frontal regions is associated with hearing and processing 
incongruent semantic information (Wang, et al., accepted for publication). 
Also, reading emotional words induces a stronger beta power decrease in 
left inferior and middle frontal gyri than reading neutral words (Hirata et al., 
2007). When people encode nouns in LTM, decreased alpha and beta power 
in bilateral temporal and frontal areas predicts successful recall of these 
nouns (Sederberg, Kahana, Howard, Donner, & Madsen, 2003). Later, this 
effect appeared only significant when subjects encode the semantic content 
of words and was absent when the words were encoded without processing 
their semantic content (Hanslmayr, et al., 2009). In summary, these studies 
indicate that besides their well-known role in sensorimotor processes, beta 
oscillations are involved language processes as well. 
1.2.3 gamma band 
Opposed to alpha and beta activity, strong gamma activity (> 30 Hz) is 
seen in task relevant areas and thought to reflect neural processing and 
communication (Fries, 2009; Jensen, et al., 2007; Uhlhaas, et al., 2009). Neurons 
communicate by ‘sending’ each other action potentials, also called spikes. 
These spikes are elicited when the membrane potential at the axon hillock 
reaches a membrane potential of -55 mV; its firing threshold. The membrane 
potential of neurons is normally -70 to -80 mV and fluctuates depending 
on the amount of spikes received from excitatory and inhibitory presynaptic 
neurons. It moves towards and away from the firing threshold; creating an 
oscillation. 
Synchronization of the input signals to a large group of neurons causes 
synchronization of the fluctuations of the membrane potentials. Synchronized 
membrane potentials can be measured outside the scalp with MEG or EEG 
(oscillatory activity). If membrane potentials of a group of neurons fluctuate 
synchronously with a frequency in the gamma band, the possibility that 
action potentials occur synchronizes as well. As a result, numerous neurons 
will fire action potentials simultaneously, possibly enhancing their impact 
(= coincidence detection) (König, Engel, & Singer, 1996; Llinas, 2002; Salinas 
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& Sejnowski, 2001). According to the communication-through-coherence 
hypothesis, the impact of these action potentials depends on how well the 
oscillations in two communicating areas match. When two cell assemblies 
oscillate coherently, spikes which arrive when the membrane potentials of 
the postsynaptic neurons are high are more likely to elicit new spikes, than 
spikes which arrive if the membrane potential is low (Fries, 2005). Later, the 
phase relation of oscillations in two cell assemblies was found to determine 
how strong gamma power in these two areas correlates, suggesting that 
synchronization in the gamma band has consequences for neuronal 
interactions (Womelsdorf et al., 2007).  
In sum, we can conclude that gamma oscillations are crucially involved in 
neuronal communication by influencing the moment spikes occur. Several 
studies reported gamma power modulations associated to successful 
memory encoding. Similar as in fMRI studies, SMEs in the gamma band are 
found in slightly different areas depending on the type of stimuli participants 
encode. 
Verbal stimulus material
The first described SME in the gamma band was observed in EEG data. 
Gamma power appeared stronger during presentation of words which were 
later remembered than during presentation of words which were forgotten 
later on. It was not possible to determine in which area this difference 
was largest (Gruber, Tsivilis, Montaldi, & Muller, 2004). A few years later, 
researchers analysed data recorded from intracranial electrodes and showed 
more locally constrained SMEs in the hippocampus, occipital (BA19), left 
temporal (BA 20 and 21) and frontal areas (BA 47) (Sederberg et al., 2007). 
They suggested two mechanisms through which increased gamma power 
could have contributed to successful encoding; enhanced attention while 
processing the stimulus and linking the just-presented item with associated 
and semantically similar items. 
Fell et al investigated gamma power in the MTL and showed significant 
gamma band SMEs in the hippocampus and rhinal cortex just after 
presentation of words. Puzzlingly, in one study decreased gamma power 
in both these areas contributed to successful encoding (Fell et al., 2001), 
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while increased gamma power in the hippocampus was observed in 
another study (Fell, Ludowig, Rosburg, Axmacher, & Elger, 2008). Therefore, 
the impact of gamma power modulations in the hippocampus and rhinal 
cortex on memory formation remains unclear. The authors suggested that 
probably, tight phase synchronization of gamma cycles over a large group 
of neurons in the MTL influences encoding more than the amplitude of the 
gamma cycles (Fell & Axmacher, 2011). 
Pictorial stimulus material
Generally, people have representations in their LTM for concrete objects 
such as a chair or table, but need to form new representations for objects 
which they have never seen before. Gamma activity over posterior EEG 
electrodes is stronger when participants look at a concrete object compared 
to when watching a nonsense object (Gruber, Müller, & Keil, 2002; Hermann, 
Lenz, Junge, Busch, & Maess, 2004). Possibly, feedback from the memory 
system enhances gamma activity in visual areas when representations 
of the concrete objects get activated. Likewise, increased gamma power 
over occipital MEG sensors is observed when comparing trials in which 
participants remembered a picture compared to trials in which they forgot 
the picture (Osipova et al., 2006). Osipova et al, suggested that gamma 
activity in visual areas might reflect representations being reinforced by top-
down activity from areas directly engaged in encoding, such as the MTL. 
Lesion studies and studies using other neuroimaging techniques show that 
processes in the MTL are crucial for successful encoding of pictorial material 
in humans. Intracranial recordings in monkeys show that increased gamma 
power and spike-field coherence in the hippocampus are both predictive of 
successful encoding of objects (Jutras, Fries, & Buffalo, 2009). 
1.3 outline of this thesis
The aim of the work described in this thesis was to gain more insight in 
oscillatory activity which contributes to successful memory formation. 
Using MEG, we investigated processes in several frequency bands related to 
encoding of words and objects in LTM.
First was investigated whether effects in the alpha band could be observed 
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in an LTM experiment, similar to those found during WM tasks. Before, alpha 
power over task-irrelevant areas appeared to be increased when participants 
maintained somatosensoty stimuli in WM compared to when they failed to 
maintain these stimuli in WM (Haegens, et al., 2010). We asked participants to 
maintain and encode word sequences containing three nouns in WM or LTM, 
respectively. After presentation of the words, participants could spend some 
time to rehearse the words. We suggested them to make sentences using 
the three words. In Chapter 2, a SME in the alpha band over occipital and 
parietal MEG sensors is described and discussed. We also explored memory 
related processes in task-relevant regions. As described, increased gamma 
activity and decreased alpha and beta activity are thought to be associated 
to task-relevant neuronal processes. In Chapter 3, I describe differences in 
gamma and beta activity between LTM and WM trials. Of interest were extra 
processes needed to encode word sequences in LTM compared to when 
such a word sequence was just maintained in WM.
In the second study, participants memorized verbal and pictorial stimuli. By 
adding object stimuli to the study design, I aimed to show that increased 
alpha power over occipital and parietal sensors was especially important 
when memorizing words. Since the region was expected to be involved in 
memorizing objects, we predicted to find decreased alpha power related 
to successful encoding of objects. In this experiment, abstract nouns and 
abstract 3D objects were presented to the participants followed by a post-
stimulus delay. This time, participants could choose themselves which 
strategy they used to encode stimuli. Inter-subject variability in the strategies 
used was expected to cause variance in memory performance. Additionally, 
strategy differences could also be captured in amplitude modulations in 
different frequency bands. I correlated performance to SMEs in the alpha and 
gamma bands for the word and object conditions separately. Correlations 
between performance and alpha band SMEs are described in Chapter 4. 
Correlation between performance and SMEs in the gamma band appeared 
to depend on the strategy participants used to memorize the words and 
objects; an elaborate or non-elaborate encoding strategy. Analyses of the 
relationship between SMEs in the gamma band, memory performance, 
encoding strategies and stimulus material are described in Chapter 5. In 
Chapter 6, I summarize and discuss the results reported in the previous 
chapters. 
inCrease in Posterior alPha 
aCtiVity during rehearsal PrediCts 
suCCessful long-term memory 
formation of Word sequenCes
Esther Meeuwissen, Atsuko Takashima, Guillén Fernández, Ole Jensen
Human Brain Mapping, 32(12):2045-53
2.1 aBstraCt 
It is becoming increasingly clear that demanding cognitive tasks rely on 
an extended network of engaged task-relevant areas and, importantly, 
disengaged task-irrelevant areas. Given that alpha activity (8-12 Hz) has 
been shown to reflect the disengagement of task-irrelevant regions in 
attention and working memory tasks, we here ask if alpha activity plays a 
related role for long-term memory formation. Subjects were instructed to 
encode and maintain the order of three words in a sequence while the 
ongoing brain activity was recorded using magnetoencephalography 
(MEG). In each trial, three words were presented followed by a 3.4 s rehearsal 
interval. Considering the good temporal resolution of MEG this allowed us 
to investigate the word presentation and rehearsal interval, separately. Word 
order either could be tested immediately (in working memory trials; WM) 
or later (in LTM trials). Subjects were tested on their ability to retrieve the 
order of the three words and the words themselves. The data revealed that 
alpha power in parieto-occipital regions was lower during presentation of 
the words compared to during the rehearsal interval. Furthermore, parieto-
occipital alpha power was markedly stronger during rehearsal intervals 
of successfully than unsuccessfully encoded LTM trials. This subsequent 
memory effect demonstrates that high posterior alpha activity creates an 
optimal brain state for successful memory formation possibly by actively 
reducing parieto-occipital activity which interferes with sequence encoding.
alpha activity and memory formation | 29
2.2 introduCtion
Higher level cognition relies on the interplay between various brain regions. 
Long-term memory (LTM) processing is an example of a cognitive task 
engaging an extended network of brain areas (for a review (Paller & Wagner, 
2002)). Given the high cognitive demands of long-term memory formation 
it is important that relevant memory structures are engaged, but memory 
formation may also require the disengagement of regions not required for 
the task (Daselaar, Prince, & Cabeza, 2004; Otten & Rugg, 2001; Uncapher & 
Wagner, 2009) 
Numerous studies have focused on identifying the regions and temporal 
dynamics important for long-term memory formation. Typically subsequent 
memory paradigms are used to study declarative memory formation. In 
these paradigms, a set of items is presented to the subjects while brain 
activity is recorded. Later, memory for this material is tested and brain 
activity associated with successful versus unsuccessful memory encoding 
is characterized. Investigations using fMRI (functional Magnetic Resonance 
Imaging) and PET (Positron Emission Tomography) have revealed that in 
particular the medial temporal lobe, inferior prefrontal cortex, and parietal 
regions support declarative memory formation (Brewer, Zhao, Desmond, 
Glover, & Gabrieli, 1998; Davachi, Maril, & Wagner, 2001; Murray & Ranganath, 
2007; Qin et al., 2009; Staresina & Davachi, 2009; Wagner et al., 1998). Long-
term memory formation has also been studied by electrophysiological 
means. Studies on evoked responses have identified a distributed network 
reflecting memory formation activating ~400 ms after stimulus presentation 
(Fernandez et al., 1999; Khader, Ranganath, Seemuller, & Rosler, 2007; 
Sanquist, Rohrbaugh, Syndulko, & Lindsley, 1980; Takashima et al., 2006). In 
the frequency domain, subsequent memory effects have been found in 
various frequency bands. Increases theta power (Hanslmayr, Spitzer, & Bauml, 
2009; Klimesch, Doppelmayr, Russegger, & Pachinger, 1996; Osipova et al., 
2006; Sederberg, Kahana, Howard, Donner, & Madsen, 2003; Summerfield 
& Mangels, 2005) and gamma power (Fell, Fernandez, Klaver, Elger, & Fries, 
2003; Fell et al., 2001; Gruber, Tsivilis, Montaldi, & Muller, 2004; Osipova, et al., 
2006) have been associated with successful memory formation. In contrast 
decreases in alpha (Hanslmayr, et al., 2009; Klimesch et al., 1996; Sederberg 
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et al., 2007; Weiss & Rappelsberger, 2000) and beta power (Hanslmayr, et al., 
2009; Sederberg, et al., 2007) support memory formation. In these studies, 
brain activity during stimulus presentation is analyzed. In the current study, 
we are able to separate the presentation and rehearsal intervals. 
While studies have concentrated on brain activity and regions contributing 
to long-term memory formation, less is known about the modulation of 
activity in regions not directly important for memory formation. Recent 
electroencephalography (EEG) and MEG findings support the notion that 
oscillatory activity in the alpha band (~10 Hz) plays an important functional 
role by disengaging task-irrelevant regions (Jokisch & Jensen, 2007; Kelly, 
Lalor, Reilly, & Foxe, 2006; Klimesch, Sauseng, & Hanslmayr, 2007; Sauseng et al., 
2009; Thut & Miniussi, 2009; Van Der Werf, Jensen, Fries, & Medendorp, 2008) 
but see (Palva & Palva, 2007). In particular, increased alpha activity in task-
irrelevant regions was related to optimal performance in a somatosensory 
working memory task (Haegens, Osipova, Oostenveld, & Jensen, 2009). 
A recent EEG study reported stronger alpha activity associated with LTM 
encoding of objects and letter strings (Khader, Jost, Ranganath, & Rosler, 
2010). 
We set out to investigate the functional role of alpha activity for long-term 
memory encoding and working memory maintenance, respectively, during 
stimulus presentation and rehearsal. Therefore, we employed a paradigm 
that allowed us to investigate both encoding and maintenance of word 
sequences. Our main aim was to examine how posterior alpha activity 
reflected successful memory formation during encoding and rehearsal of 
the word sequences, both in terms of the time course and neuronal sources. 
2.3 methods
2.3.1 Participants
Twenty-five participants (14 females, 11 males) gave written informed 
consent to participate in this study. All participants reported to be right 
handed, native Dutch speakers and had no history of neurological or 
psychiatric disorders including dyslexia.
alpha activity and memory formation | 31
2.3.2 stimuli
We obtained 2119 high frequency (> 90 occurrences per million) concrete 
nouns with a word length of 2-13 letters from the Celex database (http://celex.
mpi.nl/) and the Dutch spoken word corpus (http://lands.let.kun.nl/cgn/). 
The collected set of words was divided in three categories with the lowest 
(average frequency: 157), intermediate (average frequency: 346) and highest 
word frequencies (average frequency: 2507). All trials contained three words, 
one randomly picked from each category to match the sequences for word 
frequency. Words from each category were equally distributed over first, 
second and last position in the sequence. Each word in the set was shown 
only once to each subject. To minimize repetition of word combinations 
which are very easy to learn over subjects (like ‘steak’ ‘pepper’ ‘plate’), 8 lists 
with stimuli were made. To ensure an appropriate balance between the 
number of later remembered and forgotten trials, blocks with 9 (complete 
task contained 35 blocks) and 11 (complete task contained 29 blocks) 
sequences were designed. Six participants did the 11-sequences version of 
the task and the remaining 19 subjects did the 9-sequences version.   
2.3.3 experimental design
The task contained 35 (or 29) blocks and each block had three parts. The 
first part, contained 9 (or 11) word sequences. Subjects were instructed to 
encode the order of the three words in long term memory (‘LTM trials’). 
The three words were presented sequentially (0.6 s/word), followed by a 
rehearsal interval of 3.4 s (Figure 1A). The next trial started immediately after 
the rehearsal interval.  We suggested subjects to make sentences containing 
the three words. 
In the second part of a block, subjects were instructed to maintain the order 
of three words in WM (‘WM trials’). Either 6 or 7 sequences were presented. 
Two types of trials were presented: trials with three different words (load 3, 
‘house’ ‘leg’ ‘book’) and trials with a word repeated three times (load 1, ‘flower’ 
‘flower’ ‘flower’). Subjects maintained these sequences during the 3.4 s 
rehearsal interval. Probe WM trials (20% of the total number) were included 
randomly to test whether the subjects maintained the words. In these 
probe trials, subjects had to reconstruct the sequence immediately after 
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the rehearsal interval. For load 3 trials, testing was the same as in the LTM 
retrieval trials described below. For load 1 trials, the same or a different word 
was shown (3 times) and subjects were asked to give an “old/new” response.
To keep the stimulus characteristics for the WM trials the same for LTM 
trials, 20% additional test trials where randomly included amongst the LTM 
encoding trials in the first part of each block. 
In the third part of each block, participants were asked to reconstruct the 
sequences they learned during the encoding part; for example [‘house’, ‘leg’, 
‘book’] (Figure 1A). Every word was represented by a button. In the example 
‘leg’ is represented by button 1, ‘house’ by button 2 and ‘book’ by button 3. 
In order to give the correct response button 2 should be pressed first, then 
button 1 and finally button 3. In addition, 20% catch trials were added.  Here, 
one of the words was replaced by a word from another sequence (Figure 
1C). Participants had to indicate that they noticed the catch trials by pressing 
button 4. The catch trials were added to be sure that subjects encoded the 
full word sequence.  
2.3.4 Procedure
Participants came to the laboratory twice, at two successive days. On the 
first day, the task was explained and participants practiced the task for half 
an hour. To reduce variance caused by usage of different strategies, we 
suggested subjects to subvocally construct sentences containing the three 
words in each trial. Depending on performance during the practice session, 
participants did the easy or difficult version of the task at the next day (9 or 
11 trials per block). We aimed at about 70% correctly recalled sequences.
On the second day, the full experiment was performed while brain activity 
was recorded using MEG (Hansen, Kringelbach, & Salmelin, 2010). Word lists 
were counter-balanced over subjects and days. Brain activity was recorded 
by a 275 axial gradiometer MEG system (VSM/ CTF systems, Port Coquitlam, 
Canada) while the subjects were in supine position. The data were low pass 
filtered at ~250 Hz and sampled at 1200 Hz. Bipolar electrodes were attached 
to record the electrocardiogram (ECG) and electrooculogram (EOG). Three 
coils were placed at the nasion and in both ear canals to determine the 
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head position. The recording session lasted about two hours including a 
15 minute break half way. After the experiment, participants were asked 
to fill in an evaluation form to check which strategies they had applied to 
encode the sequences. Finally, an anatomical MRI scan was acquired using 
a 1.5T (Siemens, Magnetom Avanto) or a 3T (Siemens, Magnetom Trio) MRI 
scanner. To align the MEG source reconstructions and structural MRI data, ear 
plugs containing oil with vitamin E were placed in the ear canals during MRI 
acquisition. 
2.3.5 data analysis
The MEG data were analyzed using Fieldtrip; a Matlab toolbox developed 
at the Donders Institute for Brain, Cognition and Behaviour (website: http://
www.ru.nl/neuroimaging/fieldtrip). First, trials contaminated with muscle or 
SQUID artifacts were rejected. After artifact rejection, we had at least 50 clean 
trials per condition per dataset available for further analysis. Eye and heart 
beat artifacts were removed from the data using independent component 
analysis (ICA).
2.3.6 spectral analysis
Time-frequency representations of power (TFRs; 4-32 Hz) based on a sliding 
time window (steps of 50 ms) were computed from data segments recorded 
during the presentation of the words (2.2 s) and the rehearsal interval (3.4 s). 
The length of the time window was adapted to the frequency and contained 
4 cycles (i.e. 400 ms for 10 Hz; 200 ms for 20 Hz). Prior to Fourier analysis, a 
Hanning taper with the same length as the time window was multiplied to 
each data segment. Absolute differences between spectra were reported.
2.3.7 source analysis
To identify the sources of the oscillatory activity, we applied a beamforming 
approach (Dynamic Imaging of Coherent Sources, DICS) (Gross et al., 
2001). First, cross-spectral density matrices were obtained from the Fourier 
transformed data for both conditions. Then, the lead field matrix was 
calculated per grid point and participant. A realistically shaped from a single-
shell description of the brain was constructed based on his or her anatomical 
MRI (Nolte, 2003). Each participant’s brain volume and a brain volume based 
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on a template MRI in MNI coordinates (Montreal Neurological Institute) were 
divided into a regular 1 cm three-dimensional grid. Subsequently, each 
individual’s MRI was warped to the template MRI using SPM2 (http://www.fil.
ion.ucl.ac.uk/spm), and the inverse of that warp was applied to the individual’s 
dipole grids. Because of this warping procedure, a specific grid point was 
located in the same area of the brain in all participants and in the template 
MRI. Using the cross-spectral density matrix and the lead field matrix, a spatial 
filter was contructed. By applying the filter to the Fourier transformed data, 
the power at each grid point was estimated. The relative difference between 
the average estimated power of the respective conditions was overlaid on 
the template MRI. The time and frequency windows for which we observed 
significant differences in alpha power at the sensor level were included in 
this source level analysis; i.e. 0.5-3.0 s at 10 ± 2 Hz.
2.3.8 statistical analysis
To compare conditions, we applied statistical tests to the interval -1.7-
0.0 s during word presentation and the interval 0.5-3.0 s during rehearsal 
(t = 0 s is start of the rehearsal interval). A non-parametric cluster-based 
randomization test was applied to the sensor and source level data (Maris & 
Oostenveld, 2007). This test controls for type 1 errors in situations involving 
multiple comparisons by clustering neighboring channels or grid points 
which show the same effect. Sensors/grid points became part of a cluster 
when the t-value of the difference between the conditions exceeded a 
threshold (p<0.05). The cluster-level statistic was defined as the sum of 
the t-values of the sensors/ grid points in the cluster. The cluster with the 
maximum sum (summed t-values in a cluster) was used as the test statistic. 
This test statistic was compared to the randomization null-distribution. To 
make the randomization null-distribution, the following step was repeated 
1000 times: for all participants the average alpha power for both conditions 
was randomly divided in two groups and the maximum cluster level statistic 
was calculated. 
2.4 results
Subjects were instructed to encode and maintain the order of three words 
presented sequentially. Each block started with LTM trials (9 or 11) about 
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Figure 2.1. The paradigm consisted of 35 (or 29) blocks. A) During LTM and WM trials, three 
words were presented followed by a rehearsal interval. Immediately after the rehearsal 
interval the next word sequence was presented. Subjects knew that they would be asked 
to reproduce the word sequences in LTM trials later in the block. B) In the last part of 
each block, participants had to reproduce the word sequences presented in LTM trials 
earlier in the block. Per test trial, three words were shown, each represented by a button. 
Subjects had to reconstruct the sequence by pressing the buttons in the correct order. C) 
Extra sequences, not presented before, were added as catch trials in the retrieval part of 
each block. When participants detected a new word combination, they were instructed 
to press button 4.
B) Retrieval trials; reproduce order
answer screen
button 1: leg
button 2: house
button 3: book
-       -       -
button 2
button 1: leg
button 2: house
button 3: book
house -       -   
button 1
button 1: leg
button 2: house
button 3: book
house  leg    -   
button 3
button 1: leg
button 2: house
button 3: book
house  leg  book
answer screen
button 1: leg
button 2: flower
button 3: book
-       -       -
button 4
button 1: leg
button 2: flower
button 3: book
not presented  
C) Retrieval trials; detect new combination
A) LTM and WM trials
600 ms 600 ms
bookhouse
600 ms... 3400 ms 
rehearsal intervalstimulus presentation period
leg
...
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which subjects knew that they would be asked to reproduce the word 
sequence later in the block. Then followed WM trials (6 or 7) which required 
subjects to be ready to reproduce the order information immediately. Finally, 
during LTM retrieval trials, subjects were asked to reconstruct the word 
sequences presented at the beginning of the block (Figure 1). Each subject 
performed 35 (or 29) blocks containing 315 (or 319) LTM trials and 210 (or 
203) WM trials.
2.4.1 Behavioral results
Participants remembered the order of the words successfully for 64.6 ± 
10.2% of the LTM trials. This is clearly above chance level which was 16.6%. 
In the LTM and WM parts of each block, catch trials were added to check 
whether sequences were maintained correctly. Respectively, 96.0 ± 3.6% and 
94.4 ± 6.4% of the catch trials in the LTM and WM parts of the blocks were 
maintained correctly.
2.4.2 alpha band activity was suppressed during word presentation 
compared to the rehearsal interval.
The average time-frequency representations (TFRs) of power were calculated 
for all four conditions: LTM remembered, LTM forgotten, WM load 3 and WM 
load 1. Alpha power over posterior sensors was relatively low during stimulus 
presentation and increased during the rehearsal interval (p<0.0001, Figure 
2A). Alpha activity was significantly lower during the presentation interval 
of LTM compared to WM trials (-1.7– 0.0 s; p<0.0001). During the rehearsal 
interval, we did not observe a significant difference in alpha power between 
LTM and WM trials. 
2.4.3 alpha power during the rehearsal interval was stronger for Wm 
load 3 compared to Wm load 1 trials 
Then, we compared the TFRs of WM load 3 and load 1 trials during the word 
presentation and rehearsal intervals. During presentation of the words, there 
was no significant difference in alpha power between the two conditions.
However, in the rehearsal interval we observed stronger alpha power for WM 
load 3 trials. The difference appeared strongest between 0.5 and 2.0 s (Figure 
2B). The cluster randomization procedure showed a significant effect (0.5–3.0 
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s; p=0.01) over parietal and occipital sensors (Figure 2C). 
2.4.4 alpha power during the rehearsal interval was stronger for later 
remembered compared to later forgotten word sequences
Next, we compared the TFRs of power for the word presentation and rehearsal 
interval with respect to later remembered and later forgotten trials. During 
stimulus presentation, we did not find a significant difference between the 
two conditions. The same comparison on the rehearsal interval revealed 
significantly stronger alpha power in later remembered compared to later 
forgotten trials (0.5–3.0 s; p<0.0001) (Figure 2D). The topography displayed the 
strongest effect at sensors over occipital and parietal regions (Figure 2E). To 
identify the dominant source of this subsequent memory effect, we applied 
a beamforming approach. The relative difference in source level power was 
subjected to a cluster-randomization procedure. Figure 3 shows the relative 
difference in power between later remembered and later forgotten trials for 
the significant cluster (p= 0.006). The source is consistent with the topography 
of the effect measured at the sensor level. It included mainly occipital cortex 
(> 60% of the grid points in BA 17, 18 and 19) but also parietal areas (50-60% 
of the grid points in BA 7 and 39). Note however that the spatial extend of the 
source cannot estimate be estimated reliably. This is an inherent limitation 
of source modeling caused by the inverse problem (Hansen, et al., 2010).
2.4.5 theta power during stimulus presentation  was stronger for later 
remembered compared to later forgotten sequences 
The TFR of power also demonstrated a modulation in theta band activity 
(4-8 Hz) during presentation of the words. Interestingly, theta activity peaked 
at the time of word presentation rather than during the rehearsal interval 
(Figure 4A). When comparing later remembered and later forgotten trials, we 
identified a subsequent memory effect in the theta band (Figure 4B). Theta 
power was significantly stronger over frontal and temporal sensors during 
presentation of the words (-1.7-0.0 s, p=0.002) (Figure 4C). No significant 
subsequent memory effect in the theta band was found during the rehearsal 
interval. We also tested for differences in alpha and beta power during 
stimulus presentation; however, task dependent effects were constrained to 
the theta band. 
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2.5 disCussion
In this study, we have investigated oscillatory activity in MEG data recorded 
during LTM encoding of word-sequences. Alpha activity was relatively 
low during the 2.2 s word presentation interval but increased during the 
3.4 s rehearsal interval. Our key finding was stronger alpha activity during 
the rehearsal interval for later remembered compared to later forgotten 
word sequences. We identified the sources of the alpha activity to occipital 
areas extending into superior and ventral parietal regions. During word 
presentation, activity in the theta band over frontal and temporal areas was 
larger for later remembered compared to later forgotten trials. 
Since alpha power is often expected to decrease with cognitive efforts, an 
alpha power increase reflecting subsequent memory could be a surprise to 
many. Consistent with previous studies on working memory and attention 
we propose that the alpha power increase we observed reflects an active 
disengagement of posterior regions which are not required for memory 
rehearsal (Fu et al., 2001; Jensen, Gelfand, Kounios, & Lisman, 2002; Tuladhar 
et al., 2007; Worden, Foxe, Wang, & Simpson, 2000). This disengagement 
could serve to reduce processing of visual input (Mathewson, Gratton, 
Fabiani, Beck, & Ro, 2009; van Dijk, Schoffelen, Oostenveld, & Jensen, 2008). It 
could also reflect active suppression of top-down generated activity in visual 
regions. The consequence of inhibiting the posterior task-irrelevant regions 
might be allocation of resources to memory regions involved in rehearsal. 
This interpretation is consistent with a recent fMRI study demonstrating 
that a decrease in BOLD activity in the occipital cortex has a positive effect 
on memory performance under acute psychological stress (Henckens, 
Hermans, Pu, Joels, & Fernandez, 2009). Stress led to a hypervigilant state 
with more occipital cortex processing. This result supports the notion that 
memory formation is impaired when the visual system is ‘over-engaged’, 
e.g. in a hypervigilant state. To what extend this effect is reflected in alpha 
activity is not yet known but could be investigated by combined EEG and 
fMRI recordings. 
In the WM part of the task, we found stronger alpha activity during the 
rehearsal periods of load 3 compared to load 1 trials. This replicates earlier 
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studies which report an increase in posterior alpha activity with WM load 
(Jensen, et al., 2002; Sauseng et al., 2005; Scheeringa et al., 2009; Tuladhar, et 
al., 2007). In addition, we found lower alpha activity for LTM trials compared 
to WM trials during presentation of the words. This suggests that the 
visual system is more engaged during the more demanding LTM task than 
during presentation of the words. In sum, these effects support the notion 
that demanding tasks (not requiring visual processing) result in increased 
posterior alpha power; however, during presentation of stimuli alpha activity 
is suppressed in order to allow optimal flow of visual information. 
The notion that increased alpha power reflects disengagement originates 
from several MEG and EEG findings on attention and working memory 
(Klimesch, et al., 2007). Studies on covert attention have found that alpha 
power decreases in task-relevant areas, while alpha power increases are 
found in task-irrelevant areas (Fu, et al., 2001; Kelly, et al., 2006; Rihs, Michel, 
& Thut, 2007; Worden, et al., 2000). Similar findings have been reported in 
WM studies (Haegens, et al., 2009; Jokisch & Jensen, 2007; Sauseng, et al., 
2009). For instance, increased alpha power with increasing WM load is 
 Figure 2.2. Sensor level analysis during the rehearsal interval. A) Average alpha power (8-
12Hz) over occipital and parietal sensors for all conditions (LTM, later remembered; LTM, 
later forgotten; WM load 3 and WM load 1) during presentation of the words and the 
rehearsal interval. B) The topography of the difference in alpha power when comparing 
WM load 3 and WM load 1 during the rehearsal interval. Marked sensors are part of the 
significant cluster (p<0.001). C) Time-frequency representation of the difference in oscil-
latory activity (4-32 Hz) between WM load 3 and WM load 1 trials during the rehearsal 
interval (t = 0-3.4 s). The average difference over parietal and occipital sensors is shown. 
D) Topography of the difference in alpha power when comparing LTM later remembered 
and LTM later forgotten trials during the rehearsal interval. This comparison revealed 
strong alpha power (8-12 Hz) between 0.5 and 3.0 s associated with successful memory 
formation. Marked sensors are part of the significant cluster (p<0.001) if comparing later 
remembered and forgotten trials. E) A time-frequency representation of the average al-
pha power increase over parietal and occipital sensors in the rehearsal interval. 
Figure 2.3. Source analysis during the rehearsal interval. Source reconstruction of the sub-
sequent memory effect in the alpha band (8-12 Hz, 0.5-3.0 s) is shown. Later remembered 
and forgotten trials are compared. A highly significant cluster (p=0.006; corrected) was 
identified in occipital and parietal areas. 
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explained as increased disengagement of irrelevant areas (Jensen, et al., 
2002; Scheeringa, et al., 2009; Tuladhar, et al., 2007). A recent study using 
a somatosensory delayed-match-to-sample WM task, revealed increased 
alpha activity in task-irrelevant brain regions ipsilateral to the engaged hand 
during correct maintenance of somatosensory stimuli (Haegens et al., 2009). 
The results are in line with the functional inhibition hypothesis which states 
that synchronization in the alpha band reflects top-down inhibitory control 
Figure 2.4. Analysis of the theta band activity. A) Average theta power (4-8Hz) over sig-
nificant sensors, per condition during presentation of the three words and the rehearsal 
interval. B) Average time–frequency representation over sensors in the significant cluster 
(p=0.002) when comparing oscillatory activity during the word presentation periods of 
later remembered and forgotten trials. An increase in theta band activity can be observed. 
C) The topography of the increase in theta power. Marked sensors indicate the significant 
cluster. 
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(Klimesch, et al., 2007; Thut & Miniussi, 2009). Alternatively, one might suggest 
that increased alpha power is a direct correlate of the neuronal mechanism 
responsible for the task at hand; in the current study LTM encoding and WM 
maintenance (see e.g. (Kolev, Yordanova, Schurmann, & Basar, 2001; Maltseva, 
Geissler, & Basar, 2000; Palva & Palva, 2007; Sewards & Sewards, 1999)). We 
find such an interpretation less likely since it cannot account for the findings 
demonstrating an increase in alpha power in task-irrelevant regions. 
This report is one of the first human electrophysiological studies suggesting 
that disengagement of occipital-parietal areas during rehearsal is important 
for optimal LTM encoding. Related results have been found in an EEG study 
using letter strings and line drawings as memory items (Khader, et al., 2010). 
Other studies found decreased alpha activity during presentation of  stimuli 
in relation to successful encoding in LTM (Hanslmayr, et al., 2009; Klimesch, 
Schimke, et al., 1996; Sederberg, et al., 2007; Weiss & Rappelsberger, 2000). 
In our study, we did not find a significant difference in alpha activity during 
presentation of the words. This might be explained by the type of study 
material used in the task. The current study relies on creating associations 
between three presented words rather than remembering individual items. 
Our results imply that encoding operations during the rehearsal period 
were more important to perform the task we used than to perform a task 
containing single items. 
Studies using fMRI have identified both increases and decreases in parietal 
and occipital areas associated with subsequent memory (Daselaar, et al., 
2004; Davachi, et al., 2001; Henckens, et al., 2009; Kim, Daselaar, & Cabeza, 
2010; Otten & Rugg, 2001; Wagner & Davachi, 2001). In particular, the picture 
has emerged that BOLD activity in superior parietal cortex reflects memory 
formation whereas activity in ventral parietal areas is detrimental for memory 
formation (Uncapher & Wagner, 2009). The alpha source reflecting subsequent 
memory formation we identified included the occipital lobe and extended 
into both posterior superior and ventral parietal regions. We attribute the 
difference between the fMRI studies and our MEG findings to the fact that 
the time resolution of MEG allows us to distinguish the stimulus presentation 
and rehearsal intervals. Due to the slow time resolution of the BOLD signal, 
stimulus presentation and rehearsal intervals are typically not separated in 
fMRI studies. Thus, we believe that our findings are not in contradiction to the 
alpha activity and memory formation | 43
existing literature, but rather they contribute new complementary insight. 
Last, we identified a subsequent memory effect in the theta band during 
the word presentation interval in frontal and temporal areas. This finding 
is consistent with previous reports (Hanslmayr, et al., 2009; Osipova, et al., 
2006; Sederberg, et al., 2003; Summerfield & Mangels, 2005). It should be 
mentioned that the theta effect is present during visual presentation of 
the words only. Given that the presentation of words is also associated 
with evoked responses which might have frequency content in the theta 
band, the effect we observed might be partly explained by ERFs reflecting 
subsequent memory (Paller & Wagner, 2002; Rugg & Allan, 2000). 
2.6 ConClusion
Our key finding is that strong parieto-occipital alpha activity predicts 
successful long-term memory encoding. This suggests that active inhibition 
of parieto-occipital regions was a necessity for optimal task performance. We 
posit that inhibition served to reduce potential interfering visual input and 
allocate processing resources to brain areas responsible for LTM encoding. 
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eVidenCe for human fronto-
Central gamma aCtiVity during 
long-term memory enCoding of 
Word sequenCes 
Esther Meeuwissen, Atsuko Takashima, Guillén Fernández, Ole Jensen
PLoS ONE 6(6): e21356.
3.1 aBstraCt
Although human gamma activity (30-80 Hz) associated with visual 
processing is often reported, it is not clear to what extend gamma activity 
can be reliably detected non-invasively from frontal areas during complex 
cognitive tasks such as long term memory (LTM) formation. We conducted 
a memory experiment composed of 35 blocks each having three parts: 
LTM encoding, working memory (WM) maintenance and LTM retrieval. In 
the LTM encoding and WM maintenance parts, participants had to encode 
or maintain respectively the order of three sequentially presented words. 
During LTM retrieval, subjects had to reproduce these sequences. Using 
magnetoencephalography (MEG), we identified significant differences 
in the gamma and beta activity. Robust gamma activity (55-65 Hz) in left 
BA6 (supplementary motor area (SMA)/ pre-SMA) was stronger during LTM 
rehearsal than during WM maintenance. The gamma activity was sustained 
throughout the 3.4 s rehearsal period during which a fixation cross was 
presented. Importantly, the difference in gamma band activity correlated 
with memory performance over subjects. Further, we observed a weak 
increase of gamma power in left BA6 during the first half of the LTM rehearsal 
interval for successfully than unsuccessfully reproduced word triplets. In the 
beta band, we found a power decrease in left anterior regions during LTM 
rehearsal compared to WM maintenance. Also this suppression of beta power 
correlated with memory performance over subjects. Our findings show that 
an extended network of brain areas, characterized by oscillatory activity in 
different frequency bands, supports the encoding of word sequences in LTM. 
Gamma band activity in BA6 possibly reflects memory processes associated 
with language and timing, and suppression of beta activity at left frontal 
sensors is likely to reflect the release of inhibition directly associated with the 
engagement of language areas. 
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3.2 introduCtion
Numerous electrophysiological studies point to oscillatory gamma activity 
playing an important role for neuronal processing (Fries, Nikolic, & Singer, 
2007; Jensen, Kaiser, & Lachaux, 2007; Tallon-Baudry & Bertrand, 1999). Task 
dependent gamma activity has been reported during various types of 
cognitive processes including attention, motor planning, visual processing, 
working memory (WM) and long-term memory (LTM) (Chaumon, Schwartz, 
& Tallon-Baudry, 2009; Gruber, Tsivilis, Montaldi, & Muller, 2004; Hoogenboom, 
Schoffelen, Oostenveld, Parkes, & Fries, 2006; Jensen, et al., 2007; Kaiser, Bühler, 
& Lutzenberger, 2004; Van Der Werf, Jensen, Fries, & Medendorp, 2008). 
Long-term memory formation is often studied using subsequent memory 
paradigms in which brain activity is compared for later remembered and 
later forgotten items. Subsequent memory effects in the gamma band have 
been observed during both encoding and retrieval in humans (Axmacher, 
Mormann, Fernandez, Elger, & Fell, 2006; Fell et al., 2001; Gruber, et al., 2004; 
Osipova et al., 2006; Sederberg et al., 2007). Oscillatory gamma activity might 
be particularly conducive to long-term formation since synchronized neuronal 
spiking promotes synaptic plasticity (Buzsaki & Draguhn, 2004). Furthermore, 
neuronal spiking phase-locked to the gamma activity has been shown to 
enhance synaptic efficacy (Singer, 1993). Most of the gamma sources being 
modulated by LTM processing have been identified in posterior regions and 
the hippocampus (Fell, et al., 2001; Jutras, Fries, & Buffalo, 2009; Osipova, et 
al., 2006). Nevertheless, numerous fMRI and PET studies suggest that regions 
beyond the hippocampus and posterior brain regions play an important role 
for LTM processing (Blumenfeld & Ranganath, 2007; Kim, 2011; Uncapher & 
Wagner, 2009). In this study we have investigated whether gamma activity 
related to LTM formation can be identified in frontal regions. 
We have applied a LTM task in which the presentation of the items 
(encoding) and memory rehearsal are separated in time. This allowed us 
to investigate rehearsal related activity not contaminated by visual input. 
The task was composed of separate LTM and WM trials. In the LTM trials, 
subjects were instructed to memorize the order of three words for later 
retrieval. In the WM trials, subjects had to maintain the word order for a 
short period. Processing related to LTM formation was identified using 
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the comparisons LTM versus WM trials and later remembered versus later 
forgotten LTM trials. We measured ongoing brain activity with a whole-head 
MEG (magnetoencephalography) system to understand how oscillatory 
electrophysiological activity is modulated during memory formation and to 
identify the respective neuronal sources (Hansen, Kringelbach, & Salmelin, 
2010). 
3.3 methods 
3.3.1 Participants
Twenty-five participants (14 females, 11 males; 18 – 27 years old) participated 
in this study. All participants were right handed, native Dutch speakers and 
had no history of neurological or psychiatric disorders including dyslexia 
(based on self reports). Datasets from two subjects were excluded from the 
analysis because of excessive head movements. 
3.3.2 ethics statement
This study is approved by the ethical committee (Commissie Mensgebonden 
Onderzoek Regio Arnhem-Nijmegen). Subjects gave written informed 
consent to participate in this study.
3.3.3 experimental design
The task contained 35 (or 29) blocks with each three parts. Below, we will 
explain the criteria used to decide which version of the task was chosen; 35 
or 29 blocks. Each block started with 9 (or 11) LTM encoding trials, followed 
by 6 (or 7) WM maintenance trials and ended with 9 (or 11) LTM retrieval trials 
(Figure 1A). In LTM encoding and WM maintenance trials, three words were 
presented (600 ms/ word) followed by a 3400 ms rehearsal interval (Figure 
1B). Each word was used only once in the task (for a detailed description of 
the stimuli see (Meeuwissen, Takashima, Fernandez, & Jensen, 2011)). 
For LTM encoding trials, subjects were instructed to encode the order of 
three words during the 3.4 s rehearsal interval. Subjects were aware that they 
would be asked to reproduce the word order later. The subjects’ ability to 
immediately reproduce the word order in the triplets was tested in 20% of 
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the trials (this was only done to make the LTM encoding part equal to the 
WM part). Trials followed by a test were excluded from the analysis.
During WM maintenance trials, the presented word-triplet was to be 
maintained for 3.4 s. The triplets were composed of three different words 
(load three) or one word repeated three times (load one). Subjects’ ability to 
reproduce the word triplets was tested in 20% of the trials. For load-one trials, 
the same or a lure word was shown three times and subjects were asked to 
give a “match/ no match” response. Trials followed by a test were excluded 
from the analysis.
During LTM retrieval trials, participants were asked to reconstruct the words 
triplets they learned in the encoding part of the same block (Figure 1C). 
Every word was represented by a button. By pressing the buttons in the right 
order, subjects could reproduce the learned sequences. Additionally, 20% 
catch trials were included in the retrieval part in which one of the words was 
replaced by a word not belonging to the triplet. Subjects were instructed to 
press button 4 when noticing these trials.
To ensure an appropriate balance between the number of later remembered 
and forgotten trials for every subject, two versions of the experiment were 
made. One version contained 9 LTM trials per block and 35 blocks in total, 
the other 11 LTM trials per block and 29 blocks in total. As determined by 
their performance during the training session, six participants performed 
the 11-sequence task and the remaining 19 subjects the 9-sequence task. 
We aimed to get approximately 70% correctly retrieved sequences for each 
participant. After analyzing the data we checked whether the two groups of 
subjects showed similar effects in the gamma and beta band and that was 
the case indeed. 
3.3.4 Procedure
Participants visited the laboratory two times at successive days. The task was 
explained and practiced on the first day. To keep the encoding strategies 
similar for every subject, we encouraged subjects to construct sentences 
using the three words in each triplet. On the second day, the subjects 
performed the task in the MEG. Brain activity was recorded with a 275 axial 
50 |  Chapter 3
gradiometer MEG system (VSM/ CTF systems, Port Coquitlam, Canada) in 
supine position. The data were sampled at 1200 Hz and low pass filtered at 
~250 Hz. In addition, the horizontal and vertical electrooculograms (EOGs) 
were recorded to remove the effects of eye movements and blinks later during 
the offline preprocessing. The electrocardiogram (ECG) was recorded to be 
able to remove cardiac artefacts from the data. Head position was monitored 
using three coils placed at the nasion and in both ear canals. The recording 
session lasted approximately two hours including a 15 minute break. After 
the MEG recordings, a questionnaire was administered to evaluate whether 
participants applied the strategy provided in the instructions. 
Finally, an anatomical MRI scan was acquired using a 1.5T (Siemens, 
Magnetom Avanto) or a 3T (Siemens, Magnetom Trio) MRI scanner. Ear 
plugs containing oil with vitamin E were placed in the ear canals during MRI 
acquisition enabling us to realign the MEG source reconstructions and the 
subject specific structural MRI data. 
3.3.5 data analysis
The MEG data were analyzed using Fieldtrip; a Matlab toolbox developed 
at the Donders Institute for Brain, Cognition and Behaviour (website: http://
www.ru.nl/neuroimaging/fieldtrip). Trials contaminated with muscle or 
SQUID artefacts were rejected. The data was down-sampled to 600 Hz after 
applying a 150 Hz low pass filter. Eye and heart beat artefacts were removed 
from the data using independent component analysis (ICA). On average, 
the LTM remembered, LTM forgotten, WM load 3 and WM load 1 conditions 
contained 186 (range: 123-242), 107 (range: 50-170), 95 (range: 81-103) and 
94 (range: 73-105) artifact free trials, respectively. 
3.3.6 spectral analysis
Time-frequency representations of power (TFRs; 4 - 32Hz and 50-120Hz) 
based on a sliding time window (steps of 50 ms) were computed from 
data segments recorded during presentation of the words (2.2 s) and the 
rehearsal interval (3.4 s). Power values for horizontal and vertical components 
of the planar gradients were calculated using signals from the neighbouring 
sensors and summed for each sensor. Thereby, we approximated the 
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signal measured by MEG systems with planar gradiometers (Bastiaansen & 
Knosche, 2000). For the lower frequencies (4-32 Hz), we used an adaptive 
time window containing 4 cycles (i.e.  ΔT = 4/f ) and applied a Hanning taper 
resulting in adaptive spectral smoothing of Δf ~ 1/ΔT. A fixed time window 
of 200 ms is used to analyze the high frequency oscillations (50-120Hz) in the 
Figure 3.1. The paradigm. A) The task was composed of 35 blocks with each three parts: 
LTM encoding/rehearsal (9 or 11 trials), WM maintenance (6 or 7 trials) and LTM retrieval. 
B) In the LTM and WM trials, three words were presented sequentially  (0.6 s/word) fol-
lowed by a rehearsal interval of 3.4 s. C) In retrieval trials, participants reconstructed the 
word sequences learned during LTM encoding. Three words were shown and each repre-
sented by a button. Participants were asked to reproduce the initial order of the words by 
pressing the buttons in the correct order. 
WM maintenance LTM retrievalLTM encoding
A) Trials in each block
LTM remembered trial
LTM forgotten trial
WM load 3 trial
WM load 1 trial
hit
miss
C) Retrieval trials
answer screen
button 1: leg
button 2: house
button 3: book
-       -       -
button 2
button 1: leg
button 2: house
button 3: book
house -       -   
button 1
button 1: leg
button 2: house
button 3: book
house  leg    -   
button 3
button 1: leg
button 2: house
button 3: book
house  leg  book
B) LTM/ WM trials
600 ms 600 ms
bookhouse
600 ms... 3400 ms 
rehearsal intervalstimulus presentation period
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...
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data. We used three orthogonal Slepian tapers which resulted in a spectral 
smoothing of ~10Hz. Absolute differences of average power estimates across 
tapers between conditions are reported. Note that the power estimates are 
not baseline corrected. This is not needed since power values are absolute 
measures. Also, the task had a blocked design and therefore different 
difficulty-expectancies for the LTM and WM conditions could have caused 
differences in the baselines. 
3.3.7 source analysis
A beamforming approach using an adaptive filtering technique (Dynamic 
Imaging of Coherent Sources, DICS) was applied to the data to identify 
the sources of the oscillatory activity (Gross et al., 2001). This spatial filter is 
constructed from the cross-spectral density matrix and the lead field matrix. 
It passes activity optimally from the location of interest while attenuating all 
other activity in the data. Cross-spectral density matrices were obtained from 
the Fourier transformed data for both LTM and WM trials during the rehearsal 
interval. The subjects’ lead field matrices were calculated from a realistically 
shaped single-shell description of the brain based on the individual 
anatomical MRI (Nolte, 2003). A similar head model was constructed from 
a template MRI. The subject specific and template head models in MNI 
(Montreal Neurological Institute) coordinates were divided into regular 1 cm 
three-dimensional grids. Each individual’s MRI was warped to the template 
MRI using SPM2 (http://www.fil.ion.ucl.ac.uk/spm) and the inverse of that 
warp was applied to the template grid. Because of this warping procedure, a 
specific grid point is located at the same structural location in the template 
MRI and the subject specific anatomical MRIs. After applying the spatial filter 
to the data, the relative difference between the average power estimates of 
the two conditions was overlaid on the participants’ MRI. Note that, for the 
source reconstruction, we used the data from the axial sensors and not the 
planar gradients.
3.3.8 statistical analysis
We applied statistical tests to the -1.7 – 0.0 s interval in which the words 
were presented and the 0.0 – 3.0 s interval in which subjects rehearsed 
the order of the words (t = 0 s indicates the start of rehearsal interval). A 
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non-parametric cluster-based randomization test was applied to the 
sensor and source level data (Maris & Oostenveld, 2007). This test controls 
for type 1 errors in situations involving multiple comparisons by clustering 
neighbouring channels or grid points which show the same effect. If the 
t-value at a sensor/ grid point exceeded a threshold (p<0.05) these sensors/
grid points were included in a cluster. The cluster-level statistic of each 
cluster was defined as the sum of the t-values of all sensors/grid points in 
the cluster. The cluster with the maximum summed t-values was used as 
a test statistic and compared to the randomization null-distribution. To 
make the randomization null-distribution, per participant averages for both 
conditions were randomly divided in two groups and the maximum cluster-
level statistics were calculated. This procedure was repeated 500 times. 
3.4 results
In this experiment, we investigated oscillatory activity related to encoding 
and maintenance of word triplets in LTM and WM, respectively. The 
experiment was composed of LTM encoding trials, WM maintenance trials 
and LTM retrieval trials (Figure 1). 
3.4.1 Behavioral results
Triplets encoded in LTM were retrieved successfully in 64.6 ± 10.2% of the 
trials (chance level = 16.6%). For WM load 3 and WM load 1 trials, subjects 
responded correctly in 91.6 ± 7.2% and 97.3 ± 4.0% of the trials, respectively. 
When evaluating which strategies subjects used, they reported to have 
used a rote rehearsal or no strategy for the WM trials (10 and 8 participants, 
respectively). During LTM trials, subjects often made sentences or had a 
combined visual and sentence making strategy (16 and 6 participants, 
respectively).
3.4.2 increased gamma power during encoding in ltm compared to 
maintenance in Wm
Time-frequency representations (TFRs) of power were calculated for the 
rehearsal interval of LTM and WM trials. Comparing the oscillatory activity 
in these two trial types revealed a robust difference in gamma power (55-
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65 Hz) over left central sensors which was stronger in LTM encoding trials 
(p<0.0001, 0.0-3.0 s) (significant sensors are marked in Figure 2A). The 
change in gamma activity was sustained during the full rehearsal interval. 
A beamforming analysis was applied to identify the source of the difference 
in gamma power. The source appeared strongest over the medial part of 
left BA6 including large parts of the supplementary motor area (SMA) and 
pre-SMA. Figure 2B shows the positive z-values found when comparing 
relative difference in gamma power (55-65 Hz) between LTM and WM trials 
per grid point (p<0.0001). The average power obtained in the same analysis 
is shown in Figure 2C (threshold at half of the maximum). When performing 
time-frequency analysis on the data recorded during presentation of the 
words, we noticed that the difference in gamma power emerges before the 
rehearsal interval begins (p<0.0001, -1.7-0.0 s). Figure 2D shows the temporal 
development of gamma power (55-65 Hz) during word presentation and the 
rehearsal interval for the sensors in the significant cluster (which are marked 
in Figure 2A).
3.4.3 subsequent memory effect: stronger gamma activity for later 
remembered compared to later forgotten ltm trials 
Next, we investigated the subsequent memory effect during the rehearsal 
interval. The trials from the LTM encoding part were divided in two groups; 
those that were correctly and incorrectly reproduced during LTM retrieval 
trials (‘later remembered’ and ‘later forgotten’ trials, respectively). We observed 
an increase of fronto-central gamma band activity when comparing the 
activity for these two conditions (Figure 3). When applying a cluster based 
randomization test including all sensors, there was a weak trend (55-65 Hz, 
0.0-3.0 s, p=0.19). When we constrained the statistical comparison to the 
first half of the rehearsal interval and included only sensors in the significant 
cluster found when comparing LTM and WM trials, the subsequent memory 
effect was significant (p=0.032). Like the difference in gamma activity 
between LTM and WM trials, this effect started to emerge at the end of the 
word presentation period (see Figure 2D). When considering the topography 
of the subsequent memory effect (Figure 3) differences over posterior regions 
and right frontal areas can be observed. Normalizing the difference with the 
variance (z-values) shows that these effects are driven by a few subjects and 
not strong enough to be significant on the whole group level. 
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3.4.4 decreased beta power during encoding in ltm compared to 
maintenance in Wm
Next, TFRs where calculated for lower frequencies (4-32Hz). Results in 
the alpha band have already been reported in Meeuwissen et al. (2011) 
(Meeuwissen, et al., 2011). During the rehearsal interval beta power over 
anterior regions was significantly lower for LTM trials compared to WM trials 
(15-27Hz, 0.0-3.0, p<0.0001) (Figure 4A). To find the dominant source of 
this effect, we applied a beamforming approach (Figure 4B,C). The relative 
Figure 3.2. LTM - WM: effects in the gamma band. A) Time-frequency representation of 
the sensors in the significant cluster and topographic representations of the comparison 
between gamma band activity during the rehearsal intervals of LTM encoding and WM 
maintenance trials. An increase in 55-65 Hz power can be observed at the marked sen-
sors in the topographical plot. The z-values (right panel) show the differences normalized 
by variance. B,C) The beamformer analysis identifies the sources of the gamma band in-
crease to the medial part of left BA6. Z-values of the statistical comparison (B) and power 
values between half of the maximum to the maximum value are shown (C). D) Average 
gamma power (55-65 Hz band) in the significant cluster of sensors is shown over time ,for 
all conditions separately, during presentation of the words and in the rehearsal interval. 
E) Positive correlation over subjects between gamma power (LTM – WM/ LTM + WM) and 
performance on the LTM task (r=0.56, p=0.006, N=23).  
Figure 3.3. Subsequent memory effect in the gamma band. A subsequent memory effect 
was observed in the gamma band (55-65 Hz over left central sensors) when comparing 
later remembered to later forgotten LTM trials. The effect was significant when considering 
the first half of the retention interval and including only left fronto-central sensors. The 
right panel shows the difference in gamma activity when normalized with the variance 
(z-values) and confirms that the dominant effect is indeed at left central sensors.
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difference in source level power was subjected to a cluster-randomization 
procedure (p<0.0001). Figure 4B shows the negative z-values projected to 
the brain surface. The effect is widespread but strongest in left inferior frontal 
gyrus (LIFG) and left insula (Figure 4C). When examining the time courses 
of beta power at significant sensors (which are marked in Figure 4A) for all 
conditions it becomes clear that beta power decreased with each word 
that was presented but was quite constant in the rehearsal period (Figure 
4D). Besides a decrease in beta power at anterior sensors when comparing 
the rehearsal intervals in LTM and WM trials, we found a significant power 
increase in the beta band at posterior sensors (p=0.004, Figure 4A).
3.4.5 gamma and beta power modulations correlate with ltm 
performance over subjects 
To substantiate that the gamma and beta modulations were related to 
processes important for memory encoding, we correlated the power 
changes with memory performance over subjects. The relative differences 
in gamma (55-65 Hz, 0.0-3.0 s) and beta power (15-27 Hz, 0.0-3.0 s) at 
sensors where the effect between LTM encoding and WM maintenance 
trials (LTM-WM/ LTM+WM) was significantly different were calculated for all 
subjects and correlated to the hit rate on LTM trials. The gamma modulation 
correlated positively with the performance (r = 0.56, p = 0.006, Figure 2E) 
whereas the beta modulation correlated negatively with performance 
(r =  -0.52, p = 0.011, Figure 4E). Next, we correlated the beta and gamma 
power modulations directly to each other. We found a significant negative 
Figure 3.4. LTM - WM: effects in the beta band. A) Time-frequency representation of 
the sensors in the significant cluster and topographical representations of beta band 
activity if comparing the rehearsal interval of LTM encoding and WM maintenance trials. 
A decrease in beta power (15-27 Hz) is shown at sensors marked in the topographical 
plot. The topography of the z-values is shown in the most right panel.  B,C) The sources 
of the decrease of  beta power when comparing LTM encoding to WM maintenance. The 
sources are widespread and strongest in LIFG and left insula. Z-values of the statistical 
comparison (B) and power values between half of the maximum to the maximum value 
are shown (C). D) Average beta power from sensors in the significant cluster per time 
point for all conditions separately, during word presentation and rehearsal intervals. E) 
Negative correlation between beta power (LTM – WM/ LTM + WM) and performance for 
each subject on the LTM retrieval test (r=-0.52, p=0.011, N=23).
correlation (p = 0.022, r = -0.48, Figure 5). In sum, these findings show that 
individuals who are better at encoding the word sequences in LTM, are also 
individuals with larger power differences in the gamma and beta band when 
comparing LTM and WM trials.
3.5 disCussion
In this study, we set out to investigate oscillatory activity associated with LTM 
encoding and WM maintenance. We observed a sustained robust increase 
in gamma activity (55-65Hz) over left fronto-central sensors during rehearsal 
to encode word triplets in LTM compared to rehearsal to maintain similar 
triplets in WM. The sources of the gamma band activity were located in 
the medial part of BA 6 (SMA and pre-SMA). This increase in gamma power 
correlated with LTM performance over subjects. Additionally, we observed 
a weak subsequent memory effect: gamma power was stronger for later 
remembered compared to later forgotten trials. This effect was significant 
when constraining the statistical analysis to the first half of the retention 
interval and considering only the fronto-central sensors. To the best of our 
knowledge, this is the first study to report a robust gamma activity in fronto-
central midline regions (pre-SMA and SMA) associated with LTM encoding. 
We did not find significant effects in the gamma band over posterior sensors. 
Furthermore, we found a power decrease in the beta band (15-27 Hz) over 
anterior sensors when comparing rehearsal intervals during LTM encoding 
Figure 3.5. Correlation between gamma 
and beta power. Correlation between 
modulations of gamma and beta power 
at the sensors where the significant effects 
were found, over subjects (N=23). A negative 
correlation was found between gamma and 
beta power modulations (r=-0.48, p=0.022).
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and WM maintenance trials. The sources of this effect included LIFG and 
the left insula. The beta power decrease also correlated significantly with 
performance over subjects. 
In animal studies, modulations in neuronal synchronization in the gamma 
band have been demonstrated in various tasks (Fries, Reynolds, Rorie, & 
Desimone, 2001; Montgomery & Buzsaki, 2007; Pesaran, Pezaris, Sahani, 
Mitra, & Andersen, 2002; Siegel & Konig, 2003). This has led to the proposal 
that gamma band activity plays an important role in neuronal computations. 
It has been less straight forward to identify gamma activity in humans. 
Gamma power modulations associated with cognitive processes in 
humans were first identified using EEG recordings (Tallon-Baudry, Bertrand, 
Delpuech, & Permier, 1997; Tallon-Baudry, Bertrand, Delpuech, & Pernier, 
1996). Interestingly, the first attempts to identify gamma activity with MEG 
failed (Tallon-Baudry, Bertrand, Wienbruch, Ross, & Pantev, 1997) resulting in 
discussions about the reasons why MEG might be blind to gamma oscillations 
on a more physiological level (Tallon-Baudry & Bertrand, 1999). Later, some 
of the EEG findings on gamma band activity were brought into question 
after it was discovered that micro-saccades can produce EEG artifacts in 
the gamma band (Yuval-Greenberg, Tomer, Keren, Nelken, & Deouell, 2008). 
However, a clear system gamma band activity has now been unequivocally 
demonstrated. For instance, Hoogenboom et al. (Hoogenboom, et al., 2006) 
used MEG to demonstrate a clear sustained gamma activity produced by 
visual areas in response to moving gratings (other examples: (Adjamian et 
al., 2004; Gruber, Maess, Trujillo-Barreto, & Müller, 2008; Kaiser, et al., 2004; 
Nieuwenhuis, Takashima, Oostenveld, Fernandez, & Jensen, 2008; Van Der 
Werf, et al., 2008; Wyart & Tallon-Baudry, 2008)). Most of the studies reporting a 
robust, sustained, band-limited gamma band activity have identified sources 
in posterior regions. Despite the fact that the anterior part of the brain is 
heavily involved in cognitive processing, reports on robust and sustained 
frontal gamma activity identified with MEG and EEG are scarce (Haegens, 
Osipova, Oostenveld, & Jensen, 2009; Kaiser, Lutzenberger, Decker, Wibral, & 
Rahm, 2009; Van Der Werf, Jensen, Fries, & Medendorp, 2010). We hypothesized 
that a demanding LTM memory task would engage frontal regions. In this 
study, we provide evidence for robust, sustained and band-limited gamma 
band activity produced in the medial part of BA6. The presence of sustained 
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gamma activity suggests that this region is more involved in rehearsal when 
encoding word sequences in LTM compared rehearsal to maintain these 
sequences in WM. The significant correlation between the gamma power 
increase and memory performance substantiates the interpretation that 
neuronal synchronization in the gamma band in BA6 is actively involved in 
LTM memory encoding. 
The bilateral pre-motor cortex has been found to be associated with 
subsequent memory formation in numerous studies (for a review see Kim 
(Kim, 2011)). Which processes relevant for memory formation could have 
induced gamma activity in BA6? Various studies have demonstrated that 
BA6 is engaged during motor preparation (Nachev, Kennard, & Husain, 
2008) (such as the initiation and execution of speech), timing (Wiener, 
Turkeltaub, & Coslett) and word production (Indefrey & Levelt, 2004). We 
can exclude preparation of button presses as the cause of the effects we 
found, because no button presses were required or made after the rehearsal 
interval. Several findings indicate that memory performance is improved 
when using an elaborate rehearsal strategy instead of a rote rehearsal or 
no strategy (Craik & Tulving, 1975; Davachi, Maril, & Wagner, 2001; Staresina, 
Gray, & Davachi, 2009). Also, a failure to process stimuli semantically leads to 
worse performance in an incidental LTM test (Axmacher, Schmitz, Weinreich, 
Elger, & Fell, 2008). In our study, subjects typically formed sentences in order 
to support LTM encoding, while most of them did not form sentences to 
maintain the word order in WM. Differences between these strategies used 
during LTM encoding and WM maintenance include (preparation of ) sub-
vocal speech and timing of the phonemes, words and punctuation in the 
sentence. Activity in BA6 is associated with these processes (Indefrey & 
Levelt, 2004; Price, 2010). Since previous studies have shown that elaborate 
encoding results in better performance, we suggest that the subjects with 
stronger frontal gamma power modulations and better performance are 
also the subjects that used a more elaborate encoding strategy.
Besides the modulation of gamma power, we also observed a modulation 
of beta power (15-27 Hz). Generally, beta power decreases when an area 
is engaged in the task (Engel & Fries, 2010; Neuper & Pfurtscheller, 2001). 
We found a suppression of beta power during the rehearsal interval of LTM 
compared to WM trials in anterior regions, and this effect was negatively 
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correlated to performance. The sources reflecting the effect in the beta 
band were quite widespread but most prominent in the LIFG and the left 
insula. The result we report is similar to results described in Hanslymayr et 
al. (Hanslmayr, Spitzer, & Bauml, 2009). They report a decrease in beta power 
over frontal sensors during deep semantic compared to shallow semantic 
encoding. When assuming that deeper semantic encoding took place during 
LTM than during WM trials this result fits well with our findings. Interestingly, 
beta power decreased systematically with the presentation of each word 
suggesting that the beta power decrease reflects processing of an increasing 
amount of semantic information. This result is in line with the hypothesis 
that activation of the left inferior prefrontal cortex reflects semantic working 
memory processes possibly relevant for memory formation (Gabrieli, 
Poldrack, & Desmond, 1998). More in general, a growing body of evidence 
implicates left prefrontal regions in language processes (Hagoort, 2008; 
Indefrey & Levelt, 2004; Price, 2010; Salmelin, Hari, Lounasmaa, & Sams, 1994). 
Our results suggest that the left frontal activation is reflected by decreased 
power in the beta band. 
In this MEG study, we have identified part of a network involved in memory 
operations. A meta-analysis of studies investigating successful encoding in 
LTM showed that activity in the left inferior frontal cortex, fusiform gyrus, 
medial temporal lobe, premotor cortex and posterior parietal cortex 
contribute to successful storage of various types of information in LTM (Kim, 
2011). A similar network has been identified when comparing elaborate and 
rote rehearsal of verbal stimuli: BOLD activations related to elaborate rehearsal 
were observed in the LIFG, SMA/ pre-SMA and the cerebellum (Baker, 
Sanders, Maccotta, & Buckner, 2001; Davachi, et al., 2001; Prince, Daselaar, & 
Cabeza, 2005; Staresina, et al., 2009). When considering brain activity during 
maintenance in WM of verbal compared to visual stimuli, these three areas 
appear more engaged as well (Majerus et al., 2009). Together these studies 
suggest that processes in the LIFG and premotor regions (SMA/ pre-SMA) 
are important during several memory operations such as WM maintenance, 
rehearsal and LTM encoding. Our data add a new insight by demonstrating 
that the engagement of the SMA/pre-SMA and LIFG/left insula are reflected 
by increased gamma band activity and decreased beta band activity, 
respectively. These effects correlated significantly with performance on 
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the LTM retrieval trials which shows the relevance of these processes for 
successful encoding of word sequences,
Previously, we have reported a subsequent memory effect in the alpha 
band using the same data set (Meeuwissen, et al., 2011). We found that 
posterior alpha activity was suppressed during word presentation, while it 
increased during the rehearsal interval. This increase was stronger during 
later remembered compared to later forgotten word triplets and stronger 
during LTM than WM trials. Figure 4A shows that the latter effect extends 
to the beta band. The posterior beta band effect is likely to be explained by 
harmonics in the alpha band. In line with other studies (Klimesch, Sauseng, & 
Hanslmayr, 2007; Mazaheri & Jensen, 2010), we argue that the posterior alpha 
band activity reflects a suppression of posterior regions in order to allocate 
neuronal resources to areas involved in the memory formation. The previous 
work and the results reported here, suggest that LTM memory operations 
rely on an extended network in which some areas are engaged and others 
disengaged. Engagement and disengagement of the nodes in the network 
are reflected by effects in different frequency bands. In future works, it would 
be important to uncover how these nodes communicate. One approach to 
do so is by applying measures of cross-frequency coupling. 
64 |  Chapter 3
indiVidual differenCes in alPha 
aCtiVity refleCt suCCessful 
enCoding of Words and oBjeCts in 
long-term memory
Esther Meeuwissen, Atsuko Takashima, Guillén Fernández, Ole Jensen
Submitted
4.1 aBstraCt
The functional architecture of the working brain automatically adapts 
according to the type of information being processed. We hypothesized 
that in a long-term memory task, oscillatory activity in the 8-12 Hz alpha 
band reflects the shaping of functional architecture according to the type 
of information to be encoded. Further, we expected that the individual 
ability to modulate alpha activity would predict memory performance. 
Subjects were instructed to memorize written abstract words and drawings 
of abstract objects while ongoing brain activity was recorded using 
magnetoencephalography. Per trial, an item was presented for 1.5 s, followed 
by a 3 s post-stimulus delay. After each encoding session we tested which 
items could be recognized. 
We analyzed alpha activity during the post-stimulus delay and correlated 
the difference in alpha power between confident hits and confident misses 
(subsequent memory effect; SME) with memory performance (d-prime) 
across subjects. The SME over the parietal cortex during post-stimulus delays 
of word trials correlated positively with d-prime indicating that disengaging 
this region led to better individual performance on word trials. For the object 
condition, we found a negative correlation, which just missed reaching the 
trend level, in the ventral visual stream suggesting that engagement of 
object processing areas led to better performance. Correlation values for the 
word and object conditions were significantly different in the right parietal 
cortex and ventral visual stream. 
The results suggest that subjects, who successfully adapt alpha oscillatory 
activity in the task relevant/irrelevant areas during encoding of specific 
information, are better at remembering this information later. 
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4.2 introduCtion
Our brains adapt automatically to process various types of information. For 
instance, representations of stories in books or paintings in museums are 
formed and stored in different, partly overlapping neural networks (Martin, 
2007). Given that the architecture of these networks depends on the type of 
information being encoded, flexible engagement and disengagement of the 
respective networks probably determines what we remember and forget. 
Long-term memory (LTM) formation is often investigated by contrasting 
neuro-imaging data recorded during encoding of information which is later 
remembered or forgotten (also termed the subsequent memory effect; SME). 
Functional magnetic resonance imaging (fMRI) studies reported SMEs in 
multiple areas including left inferior frontal cortex, premotor cortex, fusiform 
gyrus, posterior parietal cortex, and the medial temporal lobe (Brewer, Zhao, 
Desmond, Glover, & Gabrieli, 1998; Kim, 2011; Wagner et al., 1998). Which 
areas display SMEs, however, seem to depend on the stimulus material 
used. The SME during encoding of verbal material is strongest in left inferior 
frontal cortex whereas the strongest SME for  pictorial material is found 
in the fusiform gyrus (Kim, 2011). Not only activation of memory specific 
areas contributes to successful memory encoding; an increasing number of 
studies show the importance of inhibiting task-irrelevant areas to achieve 
optimal task performance (Daselaar, Prince, & Cabeza, 2004; Kim, 2011; Otten 
& Henson, 2001; Wagner, et al., 1998). The ability to flexibly engage relevant 
and disengage irrelvant regions might vary over subjects. Obviously some 
subjects are better at adapting brain activity according to the stimulus 
material than others. In this study, we ask to what extent material specific 
changes in brain activity are predictive of individual differences in memory 
performance.  
Cortical oscillations in the gamma (>30 Hz) and alpha band (8-12 Hz) 
have been proposed to reflect neuronal processing (Engel, Fries, & Singer, 
2001; Jensen, Kaiser, & Lachaux, 2007) and functional inhibition (Jensen & 
Mazaheri, 2010; Klimesch, Sauseng, & Hanslmayr, 2007; Thut & Miniussi, 
2009), respectively. Research demonstrating the functional inhibitory role of 
alpha activity has shown increased alpha power in task-irrelevant sensory 
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areas related to successful execution of various tasks (Haegens, Osipova, 
Oostenveld, & Jensen, 2010; Händel, Haarmeier, & Jensen, 2011; Meeuwissen, 
Takashima, Fernandez, & Jensen, 2011). Accordingly, increased posterior 
alpha activity during rehearsal led to successful encoding in LTM (Khader, 
Jost, Ranganath, & Rösler, 2010; Meeuwissen, et al., 2011). Increased alpha 
power during rehearsal has been argued to reflect inhibition of processes 
in the visual areas which might interfere with memorizing stimuli. In 
general, functional inhibition may reduce interference due to task-irrelevant 
processes. Since encoding of different types of information engages different 
brain regions and networks of regions, we set out to further explore the role 
of alpha activity in magnetoencephalographic (MEG) data during memory 
formation. We were interested to investigate if alpha power modulations 
in task-relevant and irrelevant regions would be predictive of successful 
encoding of abstract words and drawings of abstract objects. In particular, 
we focussed our analyses on the post-stimulus delay reflecting memory 
formation not constrained by visual evoked responses. In most memory 
studies, performance varies greatly over subjects. While it sounds reasonable 
that the ability to engage relevant regions is predictive of individual 
performance; we suspected that the ability to inhibit task-irrelevant regions 
would also be a contributing factor. We exploited variability in performance 
to ask if individual differences are explained by alpha-band oscillatory activity 
reflecting the degree of functional inhibition of neuronal processes in the 
task-irrelevant areas. To this end, we conducted a task in which written words 
and drawings of abstract objects were presented sequentially, each followed 
by a short post-stimulus delay. We expected the fusiform area to be relevant 
for memory formation during this delay in object trials while occipital and 
parietal areas were expected to be irrelevant during the same period in word 
trials. We hypothesized that during post-stimulus delay period, increased 
alpha power in the task-irrelevant areas and decreased alpha power in task-
relevant areas will predict better memory retention.
4.3 methods
4.3.1 Participants
Twenty eight healthy subjects participated in this experiment after giving 
written informed consent.  The data of 25 subjects was analyzed (14 female, 
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11 male, 18-28 years old). Three datasets were excluded because of the 
following reasons; one subject fell asleep during data recording, one subject 
moved too much in the MR scanner and one subject did not produce 
enough misses to calculate a reliable SME in the word condition (< 15 
misses). All participants were right handed, native Dutch speakers and had 
no history of neurological or psychiatric disorders including dyslexia (based 
on self reports). This study is approved by the ethical committee (Commissie 
Mensgebonden Onderzoek Regio Arnhem-Nijmegen). 
4.3.2 experimental design
Subjects performed an LTM task which consisted of four, ~ 30 minute blocks. 
Two study blocks (200 trials each) were alternated with two test blocks 
(300 trials each, Figure 1A). Test blocks contained 200 ‘old’ trials, randomly 
intermixed with 100 ‘new’ trials. Word and object trials were randomly 
intermixed within blocks. The objects had one out of ten possible colors.
During study trials, a written abstract word or a drawing of an abstract object 
was presented for 1.5 s (examples of stimuli in Figure 1B) followed by a 
post-stimulus delay of 3 s (Figure 1C). The post-stimulus delay allowed for 
elaborate processing of the items.  Subjects were instructed to memorize the 
stimuli and were aware that their encoding abilities would be tested later. 
During test trials, the stimuli were presented again and stayed on the screen 
until subjects initiated their response (Figure 1D). Subjects were instructed 
to indicate on a scale containing 17 bins from “sure seen” to “sure not seen”, 
whether the stimulus was presented in the previous study block and how 
confident they were about their own ‘old’/’new’ judgement. If subjects 
thought the stimulus was ‘old’, they were asked to place a red cursor at the 
left side of the scale by pressing the left button. In case they thought the 
stimulus was ‘new’, they placed the cursor at the right side of the scale by 
pressing the right button. Subjects reported how confident they were about 
their judgement by placing the cursor at a specific location on the line: at the 
very right they were highly confident that they had seen the item before; at 
the very left they were sure that the item was new. If subjects did not know 
whether the stimulus was shown before they were asked to place the cursor 
in the gray box at the middle of the line (see Figure 1D). After placing the 
70 |  Chapter 4
cursor at the intended location, the response was confirmed by pressing a 
third button. All responses were made with the left hand.
After completing the task, subjects filled in an evaluation form about the 
strategies they used when memorizing the stimuli. They wrote down the 
strategies in their own words. 
4.3.3 data acquisition 
Ongoing brain activity was recorded using a whole-head MEG system 
with 275 axial gradiometers (VSM/CTF systems, Port Coquitlam, Canada). 
The data were sampled at 1200 Hz and low-pass filtered at 250 Hz. The 
electrocardiogram (ECG), horizontal and vertical electro-oculograms (EOGs) 
were recorded in parallel. Head position was monitored using three coils 
placed at the nasion and in both ear canals. In addition, an anatomical MR 
scan was acquired using a 1.5 T MRI scanner (Siemens, Magnetom Avanto). 
Ear plugs containing oil with vitamin E were placed in the ear canals during 
acquisition of the structural MRI, enabling us to realign the MEG source 
reconstructions and the subject specific MRIs.
4.3.4 trial selections
There was a large variability in d-prime scores across subjects (range word 
condition: -0.19 – 3.19, range object condition: -0.08 – 2.03). We exploited 
this variability to investigate how SMEs in the MEG data related to individual 
performance. To do so, we correlated the SMEs with d-prime values for both 
the word and object condition. 
D-prime scores are computed using the hit and false alarm rates. In order 
for the d-prime score to represent signal detection/ performance on the 
complete task, as many trials as possible were included in the analysis, i.e. we 
included all trials on which subjects did not place the cursor in the gray box 
(Figure 1D.) 
SMEs (later remembered – later forgotten trials) are calculated on brain 
imaging data to investigate neuronal dynamics contributing to successful 
memory formation. To gain as much difference between activity related to 
later remembered and later forgotten trials, we only included study trials in 
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the analysis containing stimuli that were later remembered or forgotten with 
high confidence (hereafter labelled “confident hits” for stimuli remembered 
with high confidence, and “confident misses” for stimuli forgotten with high 
confidence). To decide which confidence ratings reflected trials that can 
be regarded as confidently remembered or forgotten, we determined the 
proportion of trials judged as ‘old’ and ‘new’ (black and gray bars respectively 
in Figure 2A), per  “confidence level”  (17 bins) on the response scale (explained 
in the section “2.2 Experimental design”, also see Figure 1D). Confidence levels 
for which there was a significant difference found between the proportion 
of trials responded as old and new (t-test performed for each of the 17 bins) 
were regarded as the ones containing the confident hits and misses (shaded 
areas in Figure 2). The p-values per confidence level are depicted in Figure 2B.
4.3.5 analysis meg data
The MEG data were analyzed using Fieldtrip. This is a Matlab toolbox 
developed at the Donders Institute for Brain, Cognition and Behaviour 
(website: http://www.ru.nl/neuroimaging/fieldtrip (Oostenveld, Fries, Maris, 
& Schoffelen, 2011)). After applying a 150 Hz low pass filter, the data was 
down-sampled to 600 Hz. Trials containing muscle or SQUID artefacts were 
rejected. Eye and heart beat artefacts were removed from the data using 
independent component analysis (ICA)(Jung et al., 2001). 
4.3.6 spectral analysis 
Oscillatory activity (4-32 Hz, -1.5-3.0 s) was analyzed using a sliding time 
window of 1000 ms (steps of 50 ms).  Power values for horizontal and vertical 
components of the planar gradients were calculated and summed per sensor, 
thereby approximating the signal measured by MEG systems with planar 
gradiometers (Bastiaansen & Knosche, 2000). Of interest was the relative 
difference in power between confident hits and misses ((hits - misses)/ (hits 
+ misses)). The contrast was computed without baseline corrections on the 
individual conditions.
4.3.7 source analysis 
To identify the sources of the SMEs in the alpha band, we applied a beamformer 
approach using an adaptive spatial filtering technique (Dynamic Imaging of 
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Coherent Sources, DICS) (Gross et al., 2001). For each subject, a spatial filter was 
constructed from the cross-spectral density matrix and the lead field matrix. 
Cross-spectral density matrices were obtained from the Fourier transformed 
data (8-12 Hz) recorded during post-stimulus delays (0.5-3.0 s) of confident 
hits and misses. We used data from axial sensors. The subjects’ lead field 
matrices were calculated from a realistically shaped single-shell description 
of their brain based on the individual anatomical MRI (Nolte, 2003). A similar 
head model was constructed for the MNI template MRI (International 
Consortium for Brain Mapping, Montreal Neurological Institute, Canada). 
The head models in MNI coordinates were divided into regular 1 cm three-
dimensional grids and each individual’s MRI was warped to the template MRI 
using SPM2 (http://www.fil.ion.ucl.ac.uk/spm). The inverse of that warp was 
applied to the template grid. By this warping procedure, a specific grid point 
is located at the same location in the template MRI and subject specific MRIs. 
After applying the spatial filter to the data, relative differences between the 
average power estimates for confident hits and misses were computed per 
subject for both the word and object conditions. 
4.3.8 Correlation and statistical analysis
SMEs at each grid point and time-frequency-channel combination were 
correlated with d-prime scores over subjects (Pearson correlations). We 
applied statistical tests to the source level data and investigated, whether the 
SMEs and performance correlated significantly when correcting for multiple 
comparisons. First, r -values were converted to t-values: 
t = (r √(n-2))/√(1-r^2 )     t: t-value,r: r-value ,n: the number of subjects 
Then, the t-values were subjected to a cluster randomization analysis to 
correct for multiple comparisons. In this analysis, clusters were formed of 
neighbouring grid points with a t-value exceeding the threshold t-values 
(equivalent to p<0.05, α=0.05, 2-sided test). The cluster with the highest 
summed t-value was used as test statistic and compared to a distribution 
of clusters with the highest summed t-value in 1000 randomizations 
(α=0.05, 2-sided test). For each randomization, correlations and clusters 
were calculated like on the actual data but each SME was paired with the 
d-prime score of a randomly chosen subject. P-values reported in this paper 
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are produced using this analysis. In the object condition, we combined two 
clusters in the left and right ventral streams into one cluster. This can be 
justified since the ventral streams have similar functional roles. 
To compare the correlations maps found for the word and object condition 
(the analysis pertaining to figure 5), we performed a z-test per grid point:
z_w = 1.1513 log10 ((1+ r_w)/(1- r_w))
z_o = 1.1513 log10 ((1+ r _o)/(1- r_o))
σ = ((1 /n_w -3 ) + (1 /n_o -3))^1/2      
z = (z_w - z_o)/ σ
r_w = r-value word condition, r_o = r-value object condition, n_w = number 
of subjects in the word condition, n_o = number of subjects in the object 
condition.
Z-values were again corrected for multiple comparisons using a cluster 
randomization analysis. Clusters were formed of neighbouring grid points 
with a z-value exceeding the z-value thresholds (equivalent to p<0.05, α=0.05, 
2-sided test). The cluster with the highest summed z-value was compared to 
a distribution of clusters with the highest summed z-value (α=0.05, 2-sided 
test). To obtain this distribution, we did the same procedure 1000 times (i.e. 
z-tests on all grid points) but randomly swapping the r-values of the word 
and object conditions for each grid point (50% chance of a swap for each 
grid point). This way, we checked whether similar clusters in our data could 
exist in randomly shuffled data. 
Figure 4.1 Task A) The paradigm was composed of four blocks: two study blocks with 200 
trials each followed by a test block with 300 trials containing 200 old and 100 new stim-
uli. All blocks contained both word and object trials. B) Examples of the stimuli: abstract 
words and drawings of abstract objects. C) In study trials, stimuli were presented for 1.5 s 
followed by a 3 s post-stimulus delay. D) In test trials, stimuli were presented until subjects 
initiated their response. Then, the response screen appeared displaying a cursor which 
could be moved to the left or right on a line by pressing one of two buttons (left index 
and middle finger). By moving the cursor to the left, subjects indicated that the stimulus 
was presented in the study phase (‘old’). Moving the cursor to the right indicated that the 
stimulus was not presented before (‘new’). The degree of certainty was reflected by how 
far the subject moved the cursor towards the end points of the line. When not sure, the 
cursor was placed within the gray box.
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4.4 results
In this study, we investigated individual differences of alpha band activity 
(8-12 Hz) while subjects memorized abstract words and drawings of abstract 
objects (Figure 1). In each study trial, a word or an object was presented for 
1.5 s followed by a 3 s post-stimulus delay. Later during the test block, we 
assessed whether subjects could distinguish old from new stimuli. Subjects 
were asked to indicate whether they had seen the stimulus, and how 
confident they were about this judgement (Figure 1D). We correlated SMEs in 
the alpha band with memory performance to gain insight into modulations 
of brain activity leading to either poor or good memory performance.
4.4.1 Behavioural results
Based on the responses made during the test blocks, trials were quantified as 
hits, misses, false alarms and correct rejections for both the word and object 
condition. For word trials, the average, hit rate was 0.76 ± 0.06 and false alarm 
rate 0.46 ± 0.21 which resulted in a d-prime (d’) of 0.88 ± 0.72. On object 
trials, the average hit rate was 0.55 ± 0.10, average false alarm rate 0.29 ± 
0.11 resulting in an average d-prime of 0.72 ± 0.47.  While the hit rate was 
significantly higher for word than object trials, so was the false alarm rate 
(both p<0.001). The difference between d-prime scores on word and object 
trials just missed reaching the trend level effect (p=0.11). 
4.4.2 Word condition: sme in the alpha band over the parietal cortex 
predicts performance 
As a first step, we calculated time-frequency representations (TFRs) for 
individual trials during the post-stimulus delay. These representations were 
sorted and averaged according to whether the respective stimulus was 
confidently remembered or forgotten during subsequent test sessions 
(thresholds for what is considered confident hit and misses are marked in 
Figure 2; also see Method section). This allowed us to calculate the average 
SME (confident hits – misses) for the word condition. We did not find a 
significant difference between confident hits and misses during the post-
stimulus delays of word trials.
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The behavioural analysis as assessed by d-prime scores revealed a large 
variation in performance. Therefore, we asked whether performance scores 
(as measured by d’) were related to the individual SMEs in the alpha band. 
For this purpose, we correlated SMEs with d-prime values. Figure 3A shows 
the TFRs of the correlations for the set of sensors indicated in Figure 3B. The 
strongest correlations were primarily constrained to the alpha and low beta 
band (~8-20Hz) (Figure 3A). Modulations in the alpha band are in line with 
previous findings (Khader, et al., 2010; Meeuwissen, et al., 2011), and we thus 
constrained the following analyses to the 8-12 Hz band. When considering 
Figure 4.2 Recognition performance. A) The proportion of “old” and “new” trials with 
respect to confidence level. Black bars: number of old trials at a specific confidence level 
divided by the total number of old trials in the test. Gray bars: number of new trials at 
a specific confidence level divided by the total number of new trials in the test. The test 
was composed of 400 old and 200 new stimuli. The left and right graphs show results 
for word and object trials, respectively. B) We tested per confidence level whether the 
proportion old and new trials differed significantly. P-values obtained from t-tests are 
shown per confidence level. The gray shaded areas illustrate confidence levels at which 
the proportion of old and new trials were significantly different. These trials were used to 
calculate the SMEs in the MEG data. 
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the topography of the correlations in the alpha band (0.5 s < t < 3 s), we 
observed the strongest positive correlations over the parietal cortex (Figure 
3B, r > 0.25 at the marked sensors). 
To identify the neuronal sources of the correlations, we performed a 
beamforming analysis. Each individual brain volume was divided into a grid, 
and individual head models were morphed to the MNI brain. A spatial filter 
(beamformer) was constructed for each grid point and power in the alpha 
band during the post-stimulus delay (0.5-3 s) was derived for confident hits 
and misses. We then calculated the correlation between d-prime scores and 
the SME at each grid point (Figure 3C). Correlation values were subjected 
to a statistical analysis i.e. one comparison per grid point. Subsequently, 
we controlled the output for multiple comparisons. This analysis revealed 
a strong right lateralized cluster in the parietal cortex extending to the 
posterior parts of the temporal cortex (Figure 3D; average r in the cluster = 
0.50, p = 0.028). 
To further illustrate the correlation, we plotted d-prime scores and SMEs in the 
significant cluster per subject (Figure 3E). This revealed a robust correlation 
not dominated by outliers. In sum, these results demonstrate that those 
Figure 4.3 Correlating d-prime values and the SMEs in the alpha band (8-12 Hz) during the 
post-stimulus delays (0.5-3 s) of word trials. A) TFRs of correlation values from the sensors 
marked in the topographical plot B. B) A topographical plot of the correlation values at 
each sensor. Marked sensors have an r-value above 0.25 or below -0.25. C) Correlation 
values calculated in source space are projected to the brain surface. D) Significant cluster 
is projected to the brain surface. E) Per subject, d-prime value plotted against the SME in 
the alpha band. The SME values were obtained from the significant cluster in (D). The 
average SME and d-prime value over subjects is indicated by a star. 
Figure 4.4 Correlating d-prime values and the SMEs in the alpha band (8-12 Hz) during the 
post-stimulus delays (0.5-3 s) of object trials. A) TFRs of correlation values from the sensors 
marked in the topographical plot B. B) A topographical plot of correlation values at each 
sensor. Marked sensors have an r-value above 0.25 or below -0.25. C) Correlation values 
calculated in source space are projected to the brain surface. D) Cluster of the correlation 
values projected to the brain surface. E) Per subject, d-prime value plotted against the 
SME in the cluster in (D). The average SME and d-prime score over subjects is indicated 
by a star.
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subjects who performed well on word trials in this memory task are the ones 
who had the strongest increase of alpha activity in the parietal cortex during 
confident hits compared to confident misses (positive alpha band SME). For 
subjects who did not perform well, alpha power over the parietal cortex was 
lower for confident hits than for confident misses (negative alpha band SME). 
4.4.3 object condition: alpha band sme in the ventral stream weakly 
predicts performance 
We conducted similar analyses for data recorded during the post-stimulus 
delays of object trials. The confident hits and misses were selected  to 
compute SMEs at the sensor level. The SMEs were correlated with d-prime 
values over subjects revealing a positive correlation primarily constrained 
to the alpha band (Figure 4A shows the TFR of the correlations for the set 
of sensors indicated in Figure 4B for which r-values exceeded 0.25). The 
topography of this effect during the post-stimulus delay was strongest over 
mid-parietal and right temporal sensors (Figure 4B).
Next, we calculated alpha band SMEs at the source level and correlated them 
with d-prime scores. Positive correlations at source level did not survive 
correction for multiple comparisons (p> 0.05). We did, however, observe a 
negative correlation in the left and right visual ventral stream (Figure 4C). 
After correcting for multiple comparisons, there was a negative correlation 
that just missed the trend level when including data from both hemispheres 
in the analysis (r = -0.46, p = 0.118, Figure 4D). Possibly due to the small 
number of sensors covering the ventral stream, this cluster extended into 
the cerebellum in the source level analysis and was not visible in the sensor 
level analysis. To further illustrate the negative correlation, we plotted 
d-prime values and average SMEs in the ventral stream cluster per subject 
(Figure 4E). The correlation measures suggest that subjects who performed 
well in the object condition seemed to have lower alpha power in the ventral 
streams during confident hits than confident misses (negative alpha band 
SME), while subjects who performed poorly seemed to have higher alpha 
power when examining the same contrast (positive alpha band SME) . 
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4.4.4 Correlation maps of the word and object condition compared 
Finally, source level correlation maps (correlating SMEs in the alpha band 
and d-prime values) for words and objects were statistically compared per 
grid point (see Method section). To correct for multiple comparisons, we 
applied a cluster randomization analysis. In both the right parietal cortex 
and ventral streams, r-values were significantly higher for the word than 
the object condition (p<0.0001, Figure 5A).  Figure 5B shows a bar graph 
with average r-values for both the word and object conditions in the right 
parietal cortex and ventral stream. This plot illustrates that the correlation 
in the right parietal cortex was more positive for the word condition and 
the correlation in the ventral stream more negative for the object condition. 
Good performance on word trials was associated with a positive alpha band 
SME in parietal regions, whereas good performance on object trials seemed 
associated with a negative alpha band SME in ventral stream regions.  
Figure 4.5 Comparison of correlation values in the word and object conditions. A) Cluster of 
grid points projected to the brain surface for which the correlation values in the word and 
object condition are significantly different. B) For the word (W) and object (O) conditions, 
we show the average correlation values in the right parietal areas (overlapping grids 
points in figure 3D and 5A) and the ventral streams (overlapped grids points in figure 
4D and 5A). In the right parietal cortex, the average correlation value is more positive in 
the word than the object condition. In the visual ventral streams, the average correlation 
value was more negative in the object than in the word condition. 
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4.5 disCussion
In this study we investigated individual differences of SMEs in the alpha 
band in relation to performance on a long-term memory task. Subjects were 
instructed to memorize written abstract words and drawings of abstract 
objects. In a similar experiment (Meeuwissen, et al., 2011), a significant 
modulation of alpha power was observed when comparing hits and 
misses only during the post-stimulus delay period. As such we focussed 
our analyses on alpha power during this period in the current study. It is 
meaningful to focus on this period because during this period, brain activity 
is not influenced by visual evoked responses.
For the word condition, we found a positive correlation between performance 
and SMEs in the parietal cortex (Figure 3). It suggests that stronger inhibition of 
the parietal cortex, as reflected by a positive SME in the alpha band, is related 
to good performance. In the object condition, we found a trend towards a 
negative correlation between performance and SMEs in parts of the left and 
right ventral stream. This indicates that stronger engagement of the ventral 
stream, as reflected by a negative SME in the alpha band, improved memory 
performance on object trials (Figure 4). When comparing correlation maps 
obtained for the two types of study material, a stronger positive correlation 
was found over the right parietal cortex during word compared to object 
encoding, while a stronger negative correlation was found in parts of the 
ventral stream during object compared to word encoding. This clearly shows 
that different patterns of alpha activity contribute to optimal encoding 
of words and objects, and suggests that subjects perform better on the 
memory task if they are able to adapt their alpha activity according to the 
type of stimulus to-be-remembered.
Our findings are best interpreted in the light of several EEG and MEG studies. 
In the word condition, subjects who performed best, showed the largest 
positive SME in the alpha band over the parietal cortex. Additionally, r-values 
in the right parietal cortex were significantly more positive in the word than 
the object condition. In a previous study, we observed a significant SME in 
the alpha band over the occipital and parietal cortex and concluded that 
increased alpha power during the post-stimulus period contributed to 
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successful encoding of word sequences in LTM (Meeuwissen, et al., 2011). 
Distributions of the sources in the word condition of the current and in 
previous study partially overlap, although the centre of the source is more 
parietal in the current study. Our findings are consistent with the notion that 
increased alpha power reflects functional inhibition of task-irrelevant areas 
(reviews (Jensen & Mazaheri, 2010; Klimesch, et al., 2007)). Studies supporting 
this idea showed that alpha power in the occipital and parietal areas increased 
when an increasing number of stimuli were maintained in working memory 
(Jensen, Gelfand, Kounios, & Lisman, 2002; Tuladhar et al., 2007). Furthermore, 
when comparing successful to unsuccessful maintenance of somatosensory 
stimuli, alpha power was only higher in task-irrelevant regions and not in 
the somatosensory cortex which processed the stimuli (Haegens, et al., 
2010). The current result implies that the parietal area is not needed while 
rehearsing words, and inhibition of this area leads to successful encoding 
and improved task performance. Better performance could be explained 
by suppressing processing of interfering visual input or by inhibiting locally 
generated neuronal activity which potentially disturbs memory formation. 
Inhibition of the parietal cortex by alpha activity was less crucial to memorize 
objects. Rather, we found a negative correlation between alpha band SMEs in 
bilateral ventral visual streams and d-prime scores that just missed reaching 
the trend level. R-values for the word and object condition were significantly 
different in the ventral stream, suggesting that ventral stream areas were 
more engaged while rehearsing objects than words. Engagement is 
reflected by decreased power in the alpha band; i.e. a release from inhibition. 
Many fMRI studies point to the importance of the fusiform gyri (part of the 
ventral stream) for processing of various types of objects like body parts, 
faces, natural and artificial objects (Kourtzi & Connor, 2011; Kriegeskorte et al., 
2008). Also, studies examining encoding of pictorial stimulus material often 
reported SMEs in the fusiform gyri (Kim, 2011). A fMRI study in which subjects 
memorized objects similar to those used in the current study showed SMEs 
in bilateral ventral stream as well (Ranganath, Cohen, & Brozinsky, 2005). The 
fusiform gyrus has been implicated in LTM encoding of words in fMRI studies 
(Kim, 2011). This raises the question of why we did not observe changes in 
electrophysiological activity from the fusiform gyrus reflecting the encoding 
of words. One plausible explanation is that the SME in the BOLD contrast 
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reflects stronger activity related to perception of the words during the 
periods of stimulus presentation, whereas our study focuses on the post-
stimulus delay. This is consistent with the notion that the initial processing of 
the visual characteristics of words in fusiform areas is relatively short-lasting 
(Jung et al., 2008) and might not extend to the post-stimulus interval when 
the visual input is no longer present. In summary, our results suggest that 
subjects which performed well in the object condition of our task engaged 
or disinhibited their ventral streams to a larger extent during confident hits 
than confident misses. 
Our MEG data suggest that inhibition of posterior areas during rehearsal of 
words is important while encoding them in LTM. Typically the BOLD signal in 
sensory areas is negatively correlated to alpha activity (Goldman, Stern, Engel, 
& Cohen, 2002; Sadaghiani et al., 2010; Scheeringa et al., 2011). For this reason, 
our results should be evaluated in line with fMRI studies showing negative 
subsequent memory BOLD effects in the parietal cortex. Negative SMEs were 
mainly found in  precuneus, posterior cingulate cortex and temporal-parietal 
junction (TPJ) (Kim, 2011) and lateral posterior parietal cortex (including TPJ 
and angular gyrus) (Uncapher & Wagner, 2009). How do these findings relate 
to SMEs in the alpha band we report? Several studies noted that areas where 
negative SMEs are observed (i.e. precuneus, posterior cingulate, angular 
gyrus and TPJ), coincide with areas known to be part of the default mode 
network (DMN) (Chun & Turk-Browne, 2007; Daselaar, et al., 2004; Kim, 2011; 
Park & Rugg, 2008; Shrager, Kirwan, & Squire, 2008; Turk-Browne, Yi, & Chun, 
2006). The data suggests that suppression of the default mode network 
(DMN) might be related to successful encoding, which is in line with the 
notion that activity in the DMN is normally suppressed in periods with high 
cognitive demands (Buckner, Andrews-Hanna, & Schacter, 2008). During rest, 
the BOLD signal in the DMN is has been reported to correlate positively with 
alpha activity (Jann et al., 2009; Jann, Kottlow, Dierks, Boesch, & Koenig, 2010; 
Mantini, Perrucci, Del Gratta, Romani, & Corbetta, 2007). This might suggest 
that both alpha power and BOLD activity in the DMN decrease when one 
perfoms a demanding tasks. However, often the sources of alpha activity in 
combined EEG-fMRI resting state data are not determined. Generally, the 
strongest alpha sources are not observed in the DMN suggesting that alpha 
power in sensory areas is correlated to BOLD signals from the DMN. Thus a 
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suppression of the DMN when a subject performs a demanding memory 
task, is not likely to be related to increased alpha activity we obverse during 
memory formation.
In the word condition, positive SMEs in the alpha band for the best 
performing subjects were observed over both lateral and dorsal parietal 
cortex. The positive SME in the lateral parietal cortex is consistent with 
fMRI studies showing a decrease of the BOLD signal when comparing later 
remembered and forgotten trials. The lateral parietal cortex, in particular 
the TPJ, is thought to be responsible for redirecting attention to new stimuli 
(Corbetta, Patel, & Shulman, 2008). Given that redirecting attention could 
harm encoding, it would make sense that suppression of the lateral parietal 
cortex relates to successful encoding. This suppression could be reflected by 
an increase in alpha band activity. Increased alpha power in dorsal posterior 
parietal regions is at odds with many fMRI studies. Typically, an increase of 
the BOLD signal in dorsal parietal regions is related to successful encoding 
of words and pictures in LTM (Kim, 2011; Uncapher & Wagner, 2009). These 
seemingly contradictory results might be explained by the slow response 
of the BOLD signal; fMRI studies might have reported SMEs recorded during 
both stimulus presentation and post-stimulus delay. In our MEG study, we 
report on alpha activity in the post-stimulus delay only and thus could be 
more sensitive to the dynamic changes; alpha power might decrease during 
stimulus presentation but increase during the post-stimulus delay period (as 
has been reported in the earlier study (Meeuwissen, et al., 2011)).
One question remains to be answered. Why did we observe a correlation 
between performance and alpha-band SMEs in parietal region for word trials, 
but not for object trials? It should be noted that we presented drawings of 
3D objects requiring subjects to process the spatial layout. Memorizing these 
objects could therefore engage the dorsal stream. While it was beneficial 
to suppress the dorsal stream when memorizing words, this was not the 
case when memorizing objects. The absence of a correlation between 
performance and alpha band SMEs in dorsal parietal regions for the object 
condition indicates that inhibition of the dorsal stream was only beneficial 
when subjects memorized words.
In conclusion, we have demonstrated that modulations of oscillatory alpha 
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activity in different regions are related to encoding of words and objects in 
long-term memory. In the word condition, SMEs over the parietal cortex, 
during the post-stimulus delay correlated positively with performance, 
suggesting that the ability to encode words is associated with the ability to 
inhibit processes in parietal regions. A different pattern in alpha activity was 
observed during memorization of objects; a negative correlation between 
SMEs and performance which just missed the trend level. Therefore, better 
memory for objects seemed related to decreased alpha power in the ventral 
stream; i.e. stronger engagement of this area. In sum, the data suggests that 
subjects, who can flexibly adapt their brain activity in task relevant / irrelevant 
areas depending on the type of stimulus material, are subjects with better 
memory performance. This adaptation is reflected by oscillatory activity in 
the alpha band. 
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gamma Band aCtiVity related to 
suCCessful enCoding in long-
term memory dePends on memory 
PerformanCe and enCoding 
strategy
Esther Meeuwissen, Atsuko Takashima, Guillén Fernández, Ole Jensen
5.1 aBstraCt
Various strategies can be applied to encode information in long-term 
memory (LTM). In this study, we explored individual differences in gamma 
activity related to strategies to memorize abstract words and objects. In each 
study trial, subjects saw an item for 1.5 s, followed by a 3 s post-stimulus 
delay. After each encoding session, subjects made a test to know whether 
they encoded the items in LTM. Ongoing brain activity was recorded using 
magnetoencephalography (MEG). No instruction was provided to use a 
particular strategy prior to the study. A post-test questionnaire enabled us 
to group the subjects using either an elaborate or non-elaborate encoding 
strategy for each of the two conditions. Task performance varied considerably. 
Therefore, we correlated subsequent memory effects (SMEs) in the gamma 
band (60-140 Hz) during post-stimulus delays with individual memory 
performance (d-prime scores), per group.  
We found significant positive correlations, both in the word and object 
condition, between SMEs over frontal sensors and performance for the 
subjects who used an elaborate encoding strategy. A source level analysis 
revealed that the correlation was strongest over left Brodmann areas (BA) 6, 
4, 1, 2, 3 and right BA 9, 10, 46 while subjects encoded words, and left BA 44, 
45, 47, medial BA 8, 9, 10, 32 and right BA 6 when they encoded objects. We 
did not observe such correlations for subjects who applied a non-elaborate 
encoding strategy. These findings demonstrate that individual strategies to 
encode words and objects are reflected by broad band gamma activity in 
the prefrontal cortex. 
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5.2 introduCtion
When we store information in long-term memory (LTM), various strategies 
can be applied to rehearse and encode information. The strategy being 
applied by individuals might depend on the type of information to be 
encoded and the motivation to memorize the information.
The areas displaying subsequent memory effects (SMEs; later remembered – 
later forgotten trials), are affected by the stimulus material to be memorized. 
For instance, the SMEs for verbal material  are strongest in the left inferior 
frontal cortex whereas the strongest SMEs for pictorial material are found in 
the fusiform gyrus (Kim 2011).
Another factor that influences memory related processes in the brain is the 
type of strategy used to encode information. Many studies have shown 
that elaborate encoding strategies lead to better memory performance. For 
example, processing the meaning of a word improves the chance this word 
will be remembered later (Baker et al 2001, Fliessbach et al 2010, Hanslmayr 
et al 2009, Otten & Henson 2001, Schott et al 2011, Wagner et al 1998). Brain 
areas engaged during both successful encoding and semantic processing 
are typically the left inferior frontal gyrus (LIFG) and left medial temporal lobe 
(MTL) (Fliessbach et al 2010, Otten & Henson 2001, Schott et al 2011, Wagner 
et al 1998). LIFG is not the only key region involved in executing an elaborate 
strategy. Rather, the differential involvement of various areas depends on the 
strategy with which a word is processed. For instance, activity in the fusiform 
gyrus was more prominent when subjects were asked to decide whether a 
given word referred to something larger or smaller than a shoe box compared 
to when they made an alphabetical decisions about the stimuli (Fliessbach 
et al 2010). 
Numerous brain imaging studies using fMRI have demonstrated that 
differences in both stimulus material and strategy result in different brain 
regions being involved in successful memory formation. On the other hand, 
neuronal synchronization in the gamma band (30-150 Hz) is believed to 
reflect neuronal processing directly (Fries 2009, Jensen et al 2007, Uhlhaas 
et al 2009). Given that the BOLD signal measured with fMRI is positively 
correlated with gamma band activity (>30Hz) (Logothetis et al 2001, 
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Mukamel et al 2005, Scheeringa et al 2011), we sought evidence of encoding 
related processes in the neurophysiological signal. In previous studies, 
regions displaying modulations of gamma band activity varied depending 
on stimulus material. Increased broad band gamma activity was observed 
during attentive reading and word recognition tasks in several brain regions 
classically involved in reading (Jung et al 2008, Mainy et al 2008). When 
subjects processed visually presented meaningful objects, increased gamma 
power over posterior sensors was found compared to when they processed 
abstract or scrambled objects (Busch et al 2006, Freunberger et al 2007, 
Gruber & Müller 2005). In this study, we investigated gamma band activity 
in MEG data recorded while subjects encoded abstract words and drawings 
of abstract objects. Subjects were not instructed to use a specific encoding 
strategy; however we later enquired what strategy was used. We explored 
individual differences in gamma band activity contributing to optimal 
performance on the memory task by computing correlations between SMEs 
and d-prime scores per strategy and stimulus material. We hypothesized that 
the relation between SMEs in the gamma band and performance depends 
on the encoding strategy that subjects use. 
5.3 methods
5.3.1 Participants
Twenty eight healthy subjects participated in the experiment after giving 
written informed consent. All participants were right handed, native Dutch 
speakers and had no history of neurological or psychiatric disorders including 
dyslexia (based on self-reports). The data of 25 subjects were analyzed (14 
female, 11 male, 18-28 years old). Three datasets were excluded: one subject 
slept during the experiment, one subject moved too much in the MRI and 
one subject did not produce enough misses to calculate a reliable SME in the 
word condition (< 15 misses). After the experiment, we divided subjects into 
two groups per condition based on the strategies they used to memorize 
the words and objects. In two occasions, strategies were not described clear 
enough to include a subject in one of the two strategy groups. Therefore, the 
word condition of one dataset was excluded as well as the object condition 
of another dataset. This study was approved by the ethical committee 
(Comissie Mensgebonden Onderzoek Regio Arnhem-Nijmegen).
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5.3.2 experimental design
Subjects performed an LTM task consisting of two study blocks (200 trials 
each), that alternated with two test blocks (300 trials each, Figure 1A). During 
the test blocks, 200 ‘old’ trials (containing studied items) were mixed with 100 
‘new’ trials. All blocks lasted ~30 minutes and included an equal number of 
trials with written abstract words and drawings of abstract objects (examples 
of stimuli in Figure 1B, the objects had one out of ten possible colors). We 
used abstract words and objects, because we expected that abstract words 
are hard to visualize and abstract objects hard to verbalize. The two study 
blocks contained unique items; items were presented once in the task. 
In each study trial, a word or an object was presented for 1.5 s followed by 
a post-stimulus delay of 3 s (Figure 1C). This post-stimulus delay allowed 
subjects to encode the stimuli in LTM. Subjects were aware that their 
encoding success would be tested later in a recognition test.
During this test, stimuli were presented again in test trials. As soon as a 
response was initiated, the response screen appeared (Figure 1D). Subjects 
were instructed to indicate on a continuous scale from “sure seen” to “sure not 
seen” (in practice 17 bins), whether stimuli were presented in the previous 
encoding block. If subjects thought the stimulus was ‘old’, they were asked 
to place the red cursor at the left half of the scale. Continuous pressing of the 
left button moved the cursor to the left. In case they thought the stimulus 
was ‘new’, they placed the cursor at the right half of the scale by continuously 
pressing the right button. The subjects indicated how confident they were 
about this “old”/”new” judgement by placing the cursor at a specific location 
on the line: at the very right they were highly confident that they had seen 
the item; at the very left they were sure that the item was new. Subjects 
were instructed to place the cursor in the gray box at the middle of the line if 
they did not know whether the stimulus was shown before (see Figure 1D). 
After placing the cursor at the intended location, subjects confirmed their 
response by pressing a third button. All responses were made with the left 
hand to prevent motor confounds in the left hemisphere.  
After completing the task, subjects were asked to write down which strategy 
they had used for each of the conditions, allowing us to categorize the 
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strategy used to remember the words and the objects. 
5.3.3 data acquisition 
A whole-head MEG system with 275 axial gradiometers (VSM/CTF systems, 
Port Coquitlam, Canada) was used to record ongoing brain activity during 
the study and test blocks. Electrocardiogram (ECG) and electro-oculograms 
(EOGs) were recorded in parallel, enabling us to remove eye and cardiac 
artefacts from the data. The data were sampled at 1200 Hz and low pass 
filtered at 250 Hz. Head position was monitored using three coils placed at 
the nasion and in both ear canals. An anatomical MRI scan was acquired using 
a 1.5 T MRI scanner (Siemens, Magnetom Avanto). Ear canals were marked in 
the anatomical MRI by ear plugs containing oil with vitamin E. This allowed 
us to align the MEG source reconstructions and subject specific MRIs.
5.3.4 identifying strategies 
On an evaluation form, every subject was asked to write down the strategies 
he/she used to memorize words and objects, separately. It appeared that for 
both the word and object condition, subjects used similar elaborate or non-
elaborate strategies. In the word condition, some subjects made associations 
between the presented word and other information (elaborate). Others 
repeated the words subvocally (non-elaborate). In the object condition, 
some subjects tried to recognize known items in the objects (elaborate) while 
other subjects visualized or “gave extra attention to” (parts of ) the objects 
(non-elaborate). Three independent researchers, not otherwise involved in 
the project, divided subjects in two groups per condition; words – elaborate, 
words – non-elaborate and objects – elaborate, objects – non-elaborate. 
Their judgements were almost identical and when they did not agree, we 
assigned the strategy that two out of three raters had selected. 
5.3.5 trial selections
We exploited the variability in performance (d-prime range for the word 
condition: -0.19 – 3.19, d-prime range for the object condition: -0.08 – 2.03) 
to investigate whether SMEs in the gamma band are related to the subjects 
memory performance and strategy. To achieve this, we correlated the SMEs 
for the word and object condition with d-prime values on word and object 
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trials, per strategy group. D-prime scores are computed by subtracting 
normalized false alarm rates from the normalized hit rates. Trials in which 
subjects placed the cursor in the gray ‘don’t know’ box were excluded when 
calculating hit and false alarm rates (Figure 1D). 
SMEs (later remembered – later forgotten trials) are calculated on brain 
imaging data to investigate the neural dynamics contributing to successful 
memory formation. When computing SMEs, we included only confidently 
remembered and forgotten trials (hereby labelled as “confident hits” and 
“confident misses”) and excluded trials in which subjects guessed, or 
could have guessed. To decide which confidence ratings on the response 
scale were associated to the confident hits and misses, we analysed the 
proportion of stimuli judged as ‘old’ and ‘new’ in the test trials (black and 
gray bars respectively in Figure 2A) per “confidence level”  (17 bins) on the 
response scale (see Figure 1D). Confidence levels with a significantly different 
proportion of trials with an ‘old’ and ‘new’ judgement, as assessed with a t-test 
over subjects (Figure 2B), were regarded confident hits and misses (shaded 
areas in Figure 2). The p-values per confidence level are depicted in Figure 2B.
5.3.6 analysis meg data
The MEG data were analysed using a Matlab toolbox developed at the 
Donders Institute for Brain, Cognition and Behaviour: Fieldtrip (website: 
http://www.ru.nl/neuroimaging/fieldtrip, (Oostenveld et al 2011)). Before 
Figure 5.1 A) The paradigm was composed of two cycles of study - test blocks: each study 
block consisted of 200 trials and was followed by a test block with 300 trials containing 
200 old and 100 new stimuli. All blocks contained an equal number of word and object 
trials. B) Examples of the stimuli: abstract words and drawings of abstract objects. C) 
In study trials, stimuli were presented for 1.5 s followed by a 3 s post-stimulus delay. D) 
In test trials, stimuli were presented again. When subjects initiated their response, the 
response screen appeared displaying a cursor which could be moved to the left or right 
by pressing one of two buttons (left index and middle finger). By placing the cursor at the 
left side of the scale, subjects indicated that the stimulus was presented in the study block 
(‘old’). Placing the cursor at the right side of the scale indicated that the stimulus was not 
presented before (‘new’). The degree of certainty was reflected by how far the cursor was 
placed towards the ends of the line. When very unsure, the cursor was placed within the 
gray box.   
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starting the analyses, we applied a 150 Hz low pass filter to the data and 
down sampled each dataset to 600 Hz. Subsequently, trials containing 
muscle or SQUID artefacts were rejected and eye and heart beat artefacts 
were removed using independent component analysis (ICA) (Jung et al 
2001).
Oscillatory activity (20-140 Hz, -1.5-3.0 s, t=0: start of post-stimulus delay) 
was analyzed using a sliding time window of 200 ms, steps of 50 ms and 
frequency smoothing of 10 Hz resulting in three orthogonal Slepian tapers. 
Power values for horizontal and vertical components of the planar gradients 
were calculated and summed for each sensor, thereby approximating the 
signal measured by MEG systems with planar gradiometers (Bastiaansen & 
Knosche 2000). We were mainly interested in individual differences reflecting 
the contrast in gamma power between confident hits and misses (SME): 
(hits - misses)/ (hits + misses). This contrast was computed without applying 
baseline corrections to the time-frequency representations of the hits and 
misses, because we wanted to be able to investigate both differences in 
baseline power and modulations of power across the trial.  
5.3.7 source analysis 
To determine the sources of gamma power modulations more precisely, 
we applied a beamformer approach to the data using an adaptive spatial 
filtering technique (Dynamic Imaging of Coherent Sources, DICS) (Gross et al 
2001). The spatial filter was constructed per subject from the cross-spectral 
density matrix and the lead field matrix. Cross-spectral density matrices were 
obtained from the Fourier transformed data (60-140 Hz) during the post-
stimulus delays (0.5-3.0 s) of confident hits and misses. It should be noted 
that, we used data from the axial sensors for this analysis. Lead field matrices 
were calculated using a realistically shaped single-shell description of the 
subjects’ brain based on his/ her individual anatomical MRI (Nolte 2003). Such 
a head model was also constructed for the template MRI in MNI coordinates 
(International Consortium for Brain Mapping, Montreal Neurological 
Institute, Canada). The subject specific and the template head models were 
divided into regular 1 cm three-dimensional grids and each individual’s MRI 
was warped to the template MRI using SPM2 (http://www.fil.ion.ucl.ac.uk/
spm). The inverse of this warp was applied to the template grid making each 
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specific grid point situated at the same location in the template MRI and the 
subject specific MRIs. Then, the spatial filters were applied to the individual 
datasets. Per dataset and condition, we computed the relative difference 
between the average power estimates for confident hits and misses.  
5.3.8 Correlation and statistical analysis
We derived Pearson correlations between the size of the SMEs (average SME 
over 60-140 Hz and 0.5-3.0 s) and d-prime values, per condition and per 
group of subjects using the same strategy (Figure 3 and 4).. We calculated 
the correlations for both the source and sensor level data. Statistical tests 
were applied to the sensor level data only. To test for a reliable correlation 
between SMEs and performance, r-values were converted to t-values to 
enable us to correct for multiple comparisons by a cluster randomization 
analysis: t= (r √(n-2))/√(1-r ^ 2 )     t: t-value,r: r-value ,n: the number of subjects 
In the randomization analysis, clusters were formed of neighbouring sensors 
with a t-value exceeding the t-value threshold (equivalent to p<0.05, 2-sided 
test). The cluster with the highest summed t-value in the data is used as the 
test statistic. This test statistic was compared to a distribution of clusters with 
the highest summed t-value in 1000 randomizations. Per randomization, 
d-prime values were randomly paired to the subjects’ SMEs. P-values reported 
in this paper are output from this statistical analysis. 
Besides testing significance of the correlations, we also compared the 
correlation maps (r-values at all sensors) for the groups who applied 
an elaborate and non-elaborate strategy to memorize stimuli. First we 
performed a z-test per sensor: 
z_1 = 1.1513 log10 ((1+ r_1)/(1- r_1))
z_2 = 1.1513 log10 ((1+ r _2)/(1- r_2))
σ = ((1 /n_1 -3 ) + (1 /n_2 -3))^1/2 
z = (z_1 - z_2)/ σ
Z-values were corrected for multiple comparisons by applying a cluster 
randomization test. In this analysis, clusters were formed of neighbouring 
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sensors with a z-value exceeding the z-value threshold (equivalent to 
p<0.05, 2-sided test). The cluster with the highest summed z-value was 
compared to a distribution of highest summed z-values obtained from 
1000 randomizations. Per randomization, we also performed z-tests per 
channel but now swapped the r-values of the two strategy groups for half 
of the sensors (randomly chosen). Again, clusters were formed and it was 
determined which cluster had the highest summed z-value. In this way, we 
observed the probability of the cluster in the actual data to occur within the 
distribution of clusters derived from random labeling of the conditions. 
5.4 results
In this study, we investigated subsequent memory effects (SMEs) in the 
gamma band during encoding of abstract words and drawings of abstract 
objects (Figure 1B) in relation to inter-individual differences in performance 
and strategy. In each study trial, a word or object was presented for 1.5 s 
followed by a post-stimulus delay of 3 s (Figure 1C). In test trials, we assessed 
whether subjects could distinguish the studied from new stimuli (Figure 1D). 
Most subjects appeared to have used one of two strategies to memorize 
the words: associate the word with other information (elaborate strategy, 
12 subjects), or repeat the word subvocally (non-elaborate strategy, 12 
subjects). Also in the object condition, subjects used one of two strategies; 
try to identify known items in the abstract object (elaborate strategy, 9 
subjects), or visualized the complete or parts of the object (non-elaborate 
strategy, 15 subjects). We analyzed activity in the gamma band according to 
the strategy subjects used. 
5.4.1 Behavioural results
Trials were categorized as hits, misses, false alarms and correct rejections based 
on the responses in test trials, for both the word and object conditions (Table 
1). In the word condition, hit rate was 0.76 ± 0.06 and false alarm rate 0.46 ± 
0.21, which resulted in an average d-prime of 0.88 ± 0.72. When computing 
d-primes per group of subjects, the average d-prime was 1.20 ± 0.88 in the 
“elaborate strategy group” and 0.63 ± 0.26 in the “non-elaborate strategy 
group”. The d-prime scores were significantly higher in the elaborate strategy 
group (p=0.049) and performance also varied more in this group (p=0.0004). 
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In the object condition, average hit rate was 0.55 ± 0.10, false alarm rate 0.29 
± 0.11 and d-prime 0.72 ± 0.47. When examining performance per group, 
the “elaborate strategy group” had an average d-prime of 0.87 ± 0.70 and 
the “non-elaborate strategy group” had an average d-prime of 0.65 ± 0.27. 
Performance was not significantly different in these two groups (p=0.40), 
however variance was larger in the elaborate strategy group (p=0.002). 
5.4.2 meg analyses
We analyzed gamma band activity (60-140Hz) during the post-stimulus 
delays (0.5-3.0s) of study trials. Many studies have described modulations 
of gamma band activity within this frequency range (Haegens et al 2010, 
Hoogenboom et al 2006, Nieuwenhuis et al 2008, Osipova et al 2006). The 
behavioural results showed a large variation in d-prime scores, especially in 
the groups using an elaborate encoding strategy. We exploited this variability 
to investigate whether SMEs in the gamma band are related to performance 
for subjects using a particular encoding strategy. Differences between the 
time-frequency representations of power (TFRs) of confident hits and misses 
were calculated as well as the average SME per sensor over all time points 
between 0.5-3.0 s in the post-stimulus delay. We correlated d-prime scores 
and average SMEs for all subjects using the same strategy, per condition. 
Finally, we identified the sources of the SMEs and correlated power estimates 
at the source level with d-prime. 
5.4.3 elaborate strategy in word condition: sme gamma band in frontal 
areas related to performance 
We first analysed MEG data of subjects who used an elaborate encoding 
strategy during word trials. When comparing gamma activity during study 
trials containing confidently remembered and forgotten words, the SME was 
strongest over lateral frontal and temporal sensors (Figure 3A). This SME by 
itself was not significant, but the gamma band SMEs did correlate significantly 
with d-prime scores across subjects (Figure 3B). The marked sensors in 
Figure 3B indicate the significant clusters taking multiple comparisons into 
account (left cluster: r=0.72, p=0.02, right cluster: r=0.70, p=0.07, combined 
in one cluster: r=0.71, p=0.004). The average SME over subjects (Figure 3A) 
and correlation map (Figure 3B) show the highest values at slightly different 
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Figure 5.2 Recognition performance. A) The proportion of “old” and “new” trials with 
respect to confidence level. Black bars: number of old trials at a specific confidence level 
divided by the total number of old trials in the test. Gray bars: number of new trials at a 
specific confidence level divided by the total number of new trials in the test. The test was 
composed of 400 old and 200 new stimuli. The left and right graphs show results for word 
and object trials, respectively. B) We tested per confidence level whether the proportion 
old and new trials differed significantly. P-values obtained from these t-tests are shown 
per confidence level. The gray shaded areas illustrate confidence levels at which the 
proportion of old and new trials were significantly different. These trials were regarded as 
confident hits and misses, and used to calculate the SMEs in the MEG data. 
Hit rate False alarm rate d-prime
Words: elaborate strategy 0.76 ± 0.05 0.36 ± 0.25 1.20 ± 0.88
Words: non-elaborate strategy 0.77 ± 0.06 0.55 ± 0.09 0.63 ± 0.26
Objects: elaborate strategy 0.53 ± 0.12 0.24 ± 0.12 0.87 ± 0.70
Objects: non-elaborate strategy 0.56 ± 0.08 0.31± 0.08 0.65 ± 0.27
 Table 1: Behavioural performance
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locations. The positive correlation becomes clearer when plotting the SME 
per subject against the d-prime per subject (Figure 3C). The graph illustrates 
that the correlation is not dominated by apparent outliers. 
Next, we investigated the temporal development of the average SME and 
correlation for subjects who used an elaborate encoding strategy during the 
word trials. The TFRs of the average SME over subjects (Figure 3D) and r-values 
(Figure 3E) at the sensors marked in Figure 3B show that both measures 
seem equally strong during presentation of the word (t= -1.5-0 s) and the 
post-stimulus delay (t= 0-3 s). Statistical tests using the complete trial (-1.0-
3.0 s) show that the correlation between gamma activity and performance 
is indeed significant (left cluster: r=0.71, p=0.02, right cluster: r=0.70, p=0.06, 
combined in one cluster: r=0.71, p=0.002). 
To identify the sources of the strongest correlation between gamma activity 
and performance, we applied a beamformer approach. We analysed gamma 
activity during the post-stimulus delay, and correlated estimates of gamma 
power per grid point with d-prime scores. Gamma activity in bilateral frontal 
cortices correlated strongest with performance (Figure 3F, left Brodmann 
area (BA) 6, 4, 1, 2, 3, right BA 9, 10, 46).  
Subjects who subvocally repeated the words to memorize them (non-
elaborate strategy group), did not show a significant SME nor a significant 
correlation between performance and the SME in the gamma band (Figure 
3G and 3H, respectively). It should be noted that performance varied less 
in this group which makes less likely to find a significant correlation. Last, 
we compared the r-values per sensor for the elaborate and non-elaborate 
strategy groups. The r-values differ significantly at left central sensors 
(marked in Figure 3I, p<0.0001, average r-value elaborate strategy group: 
r=0.79, average r-value non-elaborate strategy group: r=-0.07). 
5.4.4 elaborate strategy in object condition: sme gamma band in 
frontal areas related to performance
To memorize the abstract objects, subjects also roughly used two strategies. 
The ‘elaborate strategy group’ tried to recognize elements in the object like 
letters, numbers or concrete figures; while the non-elaborate strategy group 
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wrote that they visualized the object or attended to (parts of ) the object. 
Analogous to the word condition, we analyzed the data for the two groups 
separately and focussed our analysis on activity in the gamma band (60-
140Hz) during post-stimulus delay (0.5-3.0 s). For the elaborate strategy group, 
we found no significant SME (Figure 4A). However, we did find a significant 
positive correlation between the SME over left frontal and temporal sensors 
and d-prime (marked sensors in Figure 4B, r= 0.74, p=0.044). The locations of 
the strongest correlation and average SME partly overlap (Figure 4A and B). 
To illustrate the correlation more clearly, we plotted the mean SME at sensors 
in the significant cluster and the d-prime score per subject (Figure 4C). Some 
data points could be regarded as outliers.
The temporal development of the average SME and correlation between 
gamma activity and performance were of additional interest. We first 
computed the average SMEs over sensors marked in Figure 4B (Figure 4D), 
and then correlated the SMEs per time-frequency tile with d-prime scores 
across subjects (Figure 4E). For the elaborate strategy group, both the 
average SME in the gamma band and the relationship between the SMEs 
and the performance seemed not particularly modulated within the trials. In 
Figure 5.3 Gamma activity in the word condition. A-F) Results for the elaborate strategy 
group. A) Topography of the average SME during the post-stimulus delay for subjects who 
used elaborate encoding strategy. B) Topography of the r-values after correlating the SME 
in the gamma band (60-140Hz) during the post-stimulus delay (0.5-3.0 s) with d-prime 
scores. Clusters of sensors at which the correlation was significant after correcting for 
multiple comparisons are marked. C) The size of each subjects’ SME plotted against his/ 
her d-prime score on word trials. The average SME and d-prime in the group are indicated 
by a star. D) TFR of the average SME in the gamma band at the sensors marked in panel 
B. T=-1.5 indicates start of the stimulus presentation, t=0 indicates the start of the post-
stimulus delay. E) The TFR of r-values at the sensors marked in panel B when correlating 
the SMEs at each time-frequency tile with d-prime scores. F) R-values, when correlating 
the SMEs in the gamma band per grid point to the d-prime scores, plotted on a brain 
surface model (source level analysis). G-I) Results for the non-elaborate strategy group. 
G) Topography of the average SME during the post-stimulus delay of word trials over 
all subjects in the non-elaborate strategy group. H) Topography of the r-values after 
correlating the SME in the gamma band (60-140Hz) during the post-stimulus delay 
(0.5-3.0 s) with d-prime scores on word trials. I) Cluster of sensors at which the r-values 
in panel A (elaborate strategy group) and panel G (non-elaborate strategy group) differ 
significantly after correcting for multiple comparisons.
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other words, the effect seemed not constrained to the post-stimulus delays 
of the study trials (Figure 3D). When applying the statistical tests on to the 
complete trial (-1.0-3.0 s) a trend towards a positive correlation was found 
(r=0.74, p=0.078). 
To identify the locations at which the correlation was strongest more 
precisely, we did a similar correlation analysis on the source level data. Per grid 
point, we calculated the correlation between the SME in the gamma band 
and d-prime on object trials. For subjects who used an elaborate encoding 
strategy, the correlation appeared strongest over frontal grid points (Figure 
4F, left BA 44, 45, 47, medial BA 8, 9, 10, 32, right BA 6). 
Other subjects memorized the objects by applying a less elaborate 
visualisation strategy. The SME in the gamma band itself was not significant in 
this group (Figure 4G). Also, the correlation between the SME in the gamma 
band and d-prime was not significant (Figure 4H). When we compared the 
r-values in the elaborate and non-elaborate strategy groups per sensor, and 
corrected for multiple comparisons, we found significantly higher r-values at 
left frontal and temporal sensors for the elaborate strategy group (sensors 
Figure 5.4 Gamma activity in the object condition. A-F) Results for the elaborate strategy 
group. A) Topography of the average SME during the post-stimulus delay for subjects 
who used elaborate encoding strategy on object trials. B) Topography of the r-values after 
correlating the SME in the gamma band (60-140Hz) during the post-stimulus delay (0.5-
3.0 s) with d-prime scores. Clusters of sensors at which the correlation was significant after 
correcting for multiple comparisons are marked. C) The size of each subjects’ SME plotted 
against his/ her d-prime score on object trials. The average SME and d-prime in the 
elaborate strategy group are indicated by a star. D) TFR of the average SME in the gamma 
band at the sensors marked in panel B. T=-1.5 indicates start of the stimulus presentation, 
t =0 indicates the start of the post-stimulus delay. E) TFR of r-values at the sensors marked 
in panel B when correlating the SMEs at each time-frequency tile with d-prime scores. F) 
R-values, when correlating the SMEs in the gamma band per grid point to the d-prime 
scores, plotted on a brain surface model (source level analysis). G-I) Results for the non-
elaborate strategy group. G) Topography of the average SME during the post-stimulus 
delay of object trials over all subjects in the non-elaborate strategy group. H) Topography 
of the r-values after correlating the SME in the gamma band (60-140Hz) during the post-
stimulus delay (0.5-3.0 s) with d-prime scores on object trials. I) Cluster of sensors at which 
the r-values in panel A (elaborate strategy group) and panel G (non-elaborate strategy 
group) differ significantly after correcting for multiple comparisons.
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marked in Figure 4I, average r-value elaborate strategy group: r=0.70, average 
r-value non-elaborate strategy group: r=-0.33). 
5.5 disCussion
In this study, we investigated gamma band activity in magnetoencepha-
lography (MEG) data, recorded while subjects memorized abstract words 
and objects. We correlated SMEs in the gamma band with performance 
across subjects. For both the word and object condition, subjects were 
divided into two groups based on the encoding strategy they used; an 
elaborate or non-elaborate strategy. Elaborate strategies involved processing 
of the meaning of the words or recognizing known items in the abstract 
objects. Less elaborate strategies involved subvocal repetition of the words 
or visualizing (parts of ) the objects. Gamma band SMEs over frontal areas 
correlated positively with performance for the groups which applied an 
elaborate strategy; word condition left BA 6, 4, 1, 2, 3, right BA 9, 10, 46 (Figure 
3), object condition: left BA 44, 45, 47, medial BA 8, 9, 10, 32, right BA 6 (Figure 
4). This means, the larger the SME in the gamma band over frontal areas, 
the better these subjects performed on the LTM task. Since the gamma 
activity was not modulated by either stimulus presentation or start of the 
post-stimulus delay, we believe that the frontal broad band gamma activity 
reflected the “state of the network” instead of a transient engagement of the 
underlying area. Possibly, the subjects who were able to keep frontal areas 
alert throughout the experiment, were the ones who performed well. 
5.5.1 elaborate strategy to memorize words: frontal sme in the gamma 
band correlates with performance
For the subjects who used an elaborate encoding strategy to memorize words, 
we observed a correlation between gamma power over frontal sensors and 
memory performance on the word trials. FMRI studies investigating brain 
areas involved in both successful encoding (later remembered versus later 
forgotten) and semantic processing (semantic versus non-semantic task) of 
words provide evidence for activation of the left IFG and left MTL in both 
processes (Fliessbach et al 2010, Otten & Henson 2001, Schott et al 2011, 
Wagner et al 1998). The left IFG is known for its role in various language 
related processes (see meta-analysis (Binder et al 2009, Price 2010)), while the 
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processes in the MTL are known to be crucial for encoding information in LTM 
(Corkin 2002, Scoville & Milner 1957). Literature suggested that left IFG would 
play an important role during memorization of words in our task. Contrary 
to our expectation, the source level data revealed the strongest correlations 
between the gamma band SMEs and d-prime scores on word trials over 
left BA 6, 4, 1, 2 and 3 and over right BA 9, 10, 46. We do not have a strong 
explanation for not observing the strongest correlation in left IFG language 
areas but will bring forward some possible reasons. First, correlations only 
show the presence of a linear relationship between the size of the SMEs and 
d-prime scores. The size of the SME and performance could be related in a 
(slightly) different, non-linear way. This may have resulted in a mislocalization 
of the actual relation present between the SME and memory performance. 
Second, neuroimaging studies normally analyze task induced modulations 
of activity in the brain and we found sustained effects present during the 
complete trial. This could be a reason for the difference in findings between 
ours and other studies. Third, left language areas could have processed 
remembered and forgotten words in a similar way. This could have led to 
smaller SMEs and made it less likely to find a significant correlation. This 
explanation would implicate that for our task SMEs at other locations were 
more predictive of whether words were encoded or not. 
How can we explain the strongest correlation between performance for 
gamma band SME and performance in the lateral parts of BA 6 (premotor 
cortex), 4 (primary motor cortex), 1, 2 and 3 (primary somatosensory 
cortex)? One might suggest that motor preparation and execution could 
account for the engagement of the motor areas. However, subjects did 
not make responses and sat still during the study blocks, suggesting that 
overt movements do not explain effects in these sensory and (pre)motor 
areas. We propose that the correlations in pre-motor and motor areas are 
(partly) explained by covert speech (Indefrey & Levelt 2004, Price 2010) 
supporting the memory encoding. It should be noted that we did not find a 
SME or correlation between SME and performance in the same area for the 
subjects who used a non-elaborate encoding strategy. They repeated the 
word subvocally; also there, subjects are expected to execute covert speech 
processes. Covert speech could have been more complex when rehearsing 
a sentence or verbalized associations (elaborate strategy group) than when 
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rehearsing one word a few times (non-elaborate strategy group). Therefore, 
we speculate that a difference in complexity of covert speech underlies 
our effect. Then, covert speech was more complex during hits than during 
misses for subjects in the elaborate strategy group, while complexity of 
covert speech was similar during hits and misses for subjects who applied a 
non-elaborate encoding strategy.
The correlation in the right hemisphere was strongest over BA 9/ 46 
(dorsolateral prefrontal cortex, DLPFC) and BA10 (anterior prefrontal cortex). 
According to the meta-analysis by Indefrey and Levelt (2004) the right 
DLPFC region is not reliably activated in covert word production tasks 
(Indefrey & Levelt 2004). Also a meta-analysis of fMRI and PET studies shows 
that activations of the right DLPFC in memory tasks are generally found 
while subjects retrieved stimuli from long-term memory instead of while 
encoding information (Cabeza & Nyberg 2000). This discrepancy between 
the neuroimaging findings and our results might be explained by brain 
activations being differently reflected in electrophysiological and BOLD 
signals. 
In sum, elaborate processing could have increased the quality of the 
representation of the memorized words by associating representations 
that are already present in the brain to the newly formed representation. 
Processes like subvocal speech could have contributed to successful 
elaborate rehearsal and be reflected by effects in the gamma band.
5.5.2 elaborate strategy to memorize objects: frontal sme in the gamma 
band is correlated to performance 
The objects in our task were designed to prevent subjects would verbalize 
them. This probably made them harder to remember. For the group of 
subjects who tried to recognize known items in these abstract objects, we 
found a significant correlation between the SMEs in the gamma band and 
performance. The correlation was strongest over frontal regions (left BA 44, 
45, 47, medial BA 8, 9, 10, 32, right BA 6, see Figure 4D). Given these results, 
verbalization might even have been the best strategy to memorize these 
objects after all. Though we found significant correlations during the post-
stimulus delay and complete trial, some subjects can be regarded as outliers.
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Similar to the word condition, the question arises: How did these regions 
contribute to better memory performance? Stronger gamma activity in left 
BA 44, 45 and 47 during confident hits than confident misses could have led 
to improved performance by extra semantic processes when recognizing 
items in the objects. For example, recognizing a known item in an object 
involves giving the object a name and opens new possibilities to associate it 
with other (verbal) information. The more associations one makes, the easier 
it could become to retrieve the studied item later on because of multiple 
retrieval cues. 
The positive correlation in the source level data extended to the medial frontal 
brain; BA 8, 9, 10, 32. These areas are part of a network which is active during 
various tasks; for example retrieval, prospection, navigation and conceiving 
the perspective of others (“theory of mind”) (Buckner & Carroll 2007). In this 
article, the authors conclude the network might be involved in several forms 
of self-projection. The same region is found to be involved in the initial stages 
of acquiring conceptual knowledge (Kumaran et al 2009). Possibly, subjects 
who performed well on the object condition of our task applied one or a 
combination of these processes during successful object learning. 
The source of the gamma-band SME that correlated with performance was 
also strong in right BA 6. This region partly overlaps with a region in which 
gamma power (55-65 Hz) increased in a previous study (Meeuwissen et al 
2011) when we compared working memory and LTM trials. Similar to the 
SMEs in the current study, this effect correlated positively with performance 
on LTM trials. BA 6 is known to be involved in several processes which could 
contribute to successful encoding; for example timing, preparation of 
subvocal speech and word production (Indefrey & Levelt 2004, Price 2010, 
Wiener et al 2010). Also in a meta-analysis of fMRI studies investigating 
SMEs, bilateral premotor areas were one of the five main regions where 
SMEs are consistently found (Kim 2011). While SMEs in this region are often 
not interpreted, Kim suggests that these effects could be explained by 
attentional processes.
In summary, object encoding benefits from a large positive SME in the 
gamma band over frontal areas when processing the object in an elaborate 
way. Possibly, semantic processing, self-projection, acquiring conceptual 
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knowledge and covert speech contributed to elaborate processing of the 
objects leading to successful encoding in LTM.
5.5.3 Broad band gamma activity
The gamma activity we observed in this data has a broad frequency range. 
In MEG studies, gamma activity is typically found in parietal and occipital 
areas and is band limited (Adjamian et al 2004, Chaumon et al 2009, Gruber 
et al 2008, Hoogenboom et al 2006, Jokisch & Jensen 2007, Nieuwenhuis 
et al 2008, Van Der Werf et al 2008). The effect in our data starts at about 
60Hz and goes on beyond 140Hz. Due to a sampling rate of 600 Hz; this was 
the highest frequency we analyzed. Studies investigating human intracranial 
recordings and some MEG studies also report broad band gamma activity 
(Canolty et al 2006, Canolty & Knight 2010, Haegens et al 2010, Jung et al 
2008, Mainy et al 2008). One other study reports correlation between broad 
band gamma modulations and task performance, like we do (Ossandon et 
al 2011). Transient suppression of broad band gamma power (60-140Hz) in 
the default mode network was negatively correlated to task performance in 
a visual search task (i.e. target detection speed) on a trial-by-trial basis. This 
and our results indicate the functional relevance of modulations of this type 
of gamma activity. 
What could be the biological mechanism behind power modulations in 
such a large range of frequencies? A possible mechanism that we would like 
to discuss is based on the observed correlations between shifts in power of 
all frequencies and spike rate in single-cell intracranial data recorded from 
humans and in a modeling study (Manning et al 2009, Miller 2010). In 23% 
of the neurons, firing rate correlated with broad band power and not with 
narrow band power. These neurons were more often present in the MTL 
than in the cortex (Manning et al 2009). Miller suggested that many studies 
do not describe broad band changes because task-related modulations of 
alpha and beta oscillations make broad band shifts look like a narrow band 
change in gamma activity (Miller 2010). However, modulations of narrow 
band gamma activity (i.e. a band of about 20Hz width) are also reported. 
For example, narrow band gamma power increased when subjects watched 
a moving visual stimulus and detected changes in the movement speed. 
The exact frequency range differs per subject but is consistent over multiple 
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recording sessions (Hoogenboom et al 2006). It is hard to determine which 
type of gamma activity fits to the observation found in the current study. 
Broad band gamma activity can also be caused by muscle artifacts. Since our 
correlations are not modulated within trials, the suspicion of looking at muscle 
artifacts is an important concern to address. Most of the results described 
here can be explained by muscle artifacts when a relationship between 
effort to perform the task and strength of muscle tension would be evident. 
To our knowledge, this relationship has not been shown yet. Furthermore, 
the locations at which the correlations were strongest differs between the 
word and object condition; making it unlikely that these correlations can be 
fully explained by muscle artifacts. Muscle artifacts can also be observed in 
areas such as the neck but our correlations are constrained to more frontal 
areas. Nonetheless, it is important to note that the final conclusion on the 
observed gamma band effects can only be drawn when this effect would 
be replicated with electrocorticography (ECoG) recordings in patients with 
intracranial electrodes where muscle artifacts are not an issue.
5.6 ConClusion
In this study, we investigated gamma band activity in magnetoencephalography 
(MEG) data, recorded while subjects memorized abstract words and objects. 
For subjects who applied an elaborate strategy to encode words or objects, 
we found a positive correlation between gamma band SMEs over frontal areas 
and performance. This means, the larger the SME in the gamma band over 
frontal areas during study was, the better these subjects performed at the 
subsequent memory test. The frontal cortex is involved in higher cognitive 
functions among which semantic, syntactic and phonological processing of 
words and sentences, subvocal speech, acquiring conceptual knowledge 
and self-projection. Since the gamma activity was not modulated within 
trials, we think that the broad band gamma activity we observed reflected 
the “state of the network”. Possibly, keeping the frontal areas active and 
ready to engage in these cognitive processes throughout the experiment 
contributed to optimal encoding of words and objects for later successful 
recognition.
summary and general disCussion
To make this thesis, I have studied oscillatory activity in relation to memory 
formation. I will here summarize the results and discuss them in the light of 
recent scientific literature. 
Cognition relies on the interplay between various brain regions. As many 
other cognitive functions, long-term memory (LTM) formation involves an 
extended network of brain areas. Relevant memory structures need to be 
engaged, but memory formation also requires disengagement of regions 
which are not required for the task. (Daselaar, Prince, & Cabeza, 2004; Otten 
& Henson, 2001; Uncapher & Wagner, 2009). These regions could be involved 
in interfering processes, which must be prevented. Memory formation is 
often investigated by using tasks with separate study and test phases. First, 
brain activity is recorded during the study phase. Then, participants make 
a test about the studied stimulus materials. After the experiment, trials are 
sorted based on the test results and brain activity recorded during successful 
encoding is compared to activity recorded during unsuccessful encoding 
(the subsequent memory effect, SME) (Brewer, Zhao, Desmond, Glover, & 
Gabrieli, 1998; Wagner et al., 1998). This SME shows “extra” activity needed 
for successful encoding of stimuli in LTM. As written in the introduction of 
this thesis, several processing steps contribute to memory formation. First, 
a stimulus in the environment grabs attention and triggers formation of a 
neuronal representation. When the sensory information is no longer present 
in the environment, this representation is most likely maintained in working 
memory (WM). Possibly, it is manipulated, rehearsed or associated to other 
representations to enhance memorability. Finally, synaptic connections 
between neurons which process the specific stimulus get strengthened and 
information is encoded in LTM. Brain activity elicited by all these processes 
can contribute to the SME. A meta-analysis of functional magnetic resonance 
(fMRI) studies reporting SMEs, showed that these effects are mainly found 
in five brain regions: left inferior frontal cortex, bilateral fusiform cortex, 
bilateral medial temporal lobe, bilateral premotor cortex, and bilateral 
posterior parietal cortex centered around the intraparietal sulcus (Kim, 2011). 
Decreased brain activity related to successful memory formation is mainly 
found in precuneus, posterior cingulate cortex, temporal-parietal junction, 
superior frontal cortex, anterior cingulate cortex/ ventromedial prefrontal 
cortex and the frontal pole (Kim, 2011).
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Where the BOLD signal as measured with fMRI has a good spatial resolution, 
it’s temporal resolution is poorer and does not allow for inferences on the 
temporal dynamics of the SME. In contrast, magnetoencephalographic 
(MEG) signals have a good time resolution and reasonably good spatial 
resolution. Therefore, we investigated memory related effects with use of 
MEG, focusing mainly on oscillatory activity in the alpha (8-12 Hz), beta (13-
29 Hz) and gamma band (>30 Hz). Cortical oscillations in the alpha/beta and 
gamma band have been proposed to reflect functional inhibition (Jensen & 
Mazaheri, 2010; Klimesch, Sauseng, & Hanslmayr, 2007; Thut & Miniussi, 2009) 
and neuronal processing including neuronal communication (Engel, Fries, & 
Singer, 2001; Fries, 2009; Jensen, Kaiser, & Lachaux, 2007), respectively.
Our main questions were:
•	 How is alpha activity in the occipital/ parietal cortex modulated during 
encoding of word sequences, single words and objects in LTM?
•	 Which regions are engaged in encoding of word sequences, single 
words and objects in LTM? And which patterns of oscillatory activity are 
seen in these areas?
•	 How are effects in the alpha, beta and gamma band related to 
performance on the memory tasks?
By answering these questions I aimed to gain more insight in oscillatory 
activity related to successful memory formation.
6.1 main findings 
6.1.1 the role of alpha power modulations during successful memory 
formation
In Chapter 2, we investigated oscillatory activity while participants encoded 
word sequences in LTM or maintained these sequences in working memory 
(WM). In each trial, three words were presented sequentially, followed 
by a post-stimulus delay. We suggested participants to make sentences 
containing the three words during this delay, as a strategy to rehearse the 
word sequences. Due to the good time resolution of MEG signals, we could 
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distinguish activity during presentation of the words and the following post-
stimulus delay. We found stronger post-stimulus alpha activity over occipital 
and parietal areas with respect to word sequences which were recognized 
during the test compared to word sequences which were forgotten (see 
also (Khader, Jost, Ranganath, & Rösler, 2010)). During the post-stimulus 
delay of WM trials, alpha power was higher when participants maintained a 
sequence with three different words than when they maintained a sequence 
of three times the same word (see also (Jensen, Gelfand, Kounios, & Lisman, 
2002; Tuladhar et al., 2007)). These findings suggest that specifically during 
the post-stimulus delay, maintaining, rehearsing and memorizing the word 
sequence required high alpha power in the occipital and parietal cortex. 
Alpha activity is thought to reflect functional inhibition. Therefore our results 
indicate that inhibition of occipital and parietal areas contributed to successful 
encoding in LTM and maintenance of large amounts of information. Possibly, 
inhibiting interfering brain activity and/or preventing distraction benefited 
the encoding/ maintenance processes.
In Chapter 4, we changed three main aspects of the experiment to design 
a new LTM memory task. First, we used single items instead of sequences 
of multiple items. Second, we asked participants to memorize drawings of 
abstract objects in addition to memorizing written words. Since occipital 
and parietal areas could be involved in object encoding, we expected that 
strong alpha activity in these regions could harm encoding of objects. 
Overall, we aimed to show that high alpha power over occipital and parietal 
areas would contribute to successful encoding depending on the to-be-
encoded stimuli. Third, participants were free to choose which strategy to 
apply when memorizing the items. We expected this to lead to large variance 
in performance and wanted to ask if individual differences in performance 
are related to alpha activity. To answer this question, we correlated d-prime 
scores to alpha band SMEs during the post-stimulus delay. Indeed, post-
stimulus alpha activity appeared to be related to performance. For the word 
condition, we found a positive correlation over the parietal cortex. This means 
that the participants who performed best in the word condition showed 
the largest positive SMEs (later remembered > later forgotten) over the 
parietal cortex when memorizing words. This is a similar result as obtained 
in Chapter 2; inhibition of the parietal cortex during the post-stimulus delay 
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was related to successful encoding and increased performance. Participants 
who did not perform well on the word trials, showed a negative SME (later 
remembered < later forgotten), meaning that they engaged the parietal 
cortex while memorizing words successfully.
In the object condition, we found a negative correlation between 
performance and alpha band SMEs in parts of the ventral visual stream 
(which just missed reaching the trend level). As expected, for subjects who 
performed well, memorizing objects seemed to be facilitated by reducing 
alpha power during the post-stimulus delay (later remembered < later 
forgotten). Since the bilateral fusiform gyri are known to be engaged when 
encoding objects in LTM, this result is in line with results of fMRI studies 
(Kim, 2011; Ranganath, Cohen, & Brozinsky, 2005). As in the word condition, 
participants who performed poorly on object trials seemed to show opposite 
effects; high alpha power was related to successful object encoding (later 
remembered > later forgotten).
In Chapter 2, we observed a significant SME in the alpha band over occipital 
and parietal cortex while participants memorized word sequences. And in 
Chapter 4, we show a significant correlation between the size of the SME and 
performance when participants memorized single words. A clear difference 
between the two studies is the instruction we gave the participants. In 
Chapter 2, we asked participants to make sentences containing the three 
words they had to memorize; while in Chapter 4 participants could determine 
strategies they used themselves. The question arises: Is there a link between 
the difference in instructions and the difference in the results (SME and 
correlation between SMEs and performance)? In explicit but also incidental 
learning tasks, performance appeared to improve when participants 
processed word stimuli in an elaborate way (Craik & Tulving, 1975). This 
effect has been replicated many times (Baker, Sanders, Maccotta, & Buckner, 
2001; Fliessbach, Buerger, Trautner, Elger, & Weber, 2010; Hanslmayr, Spitzer, & 
Bauml, 2009; Otten & Henson, 2001; Schott et al., 2011; Wagner, et al., 1998). 
Based on these results Craik suggested that performance is strongly related 
to how stimuli are processed and to a lesser extent to whether participants 
know that the task contains a recognition test. In Chapter 2, all participants 
used an elaborate encoding strategy which could have led to relatively small 
variance in performance and a consistent SME in the alpha band. However, 
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as Craik mentions, the intention to learn will make participants rehearse 
stimuli in a more elaborate way and thereby boost performance (Craik, 
2007). In Chapter 4, SMEs correlated with performance, especially for word 
trials. Possibly, the intention to learn differed between participants, leading 
to a large variance in encoding strategies and finally performance. Therefore, 
inhibition of task-irrelevant areas and engagement of task-relevant areas 
could have been a part of executing an elaborate encoding strategy.  
Based on these studies we can conclude that high alpha power in the 
occipital/ parietal cortex is related to improved memorization of word 
sequences and single words in LTM. High alpha power is usually observed in 
task-irrelevant areas and is therefore thought to reflect functional inhibition. 
The data suggest that inhibition of the occipital/ parietal cortex contributes 
to successful encoding of verbal stimuli in LTM. In contrast, low alpha power 
in the ventral stream (reflecting engagement of this area) seems to be related 
to improved encoding of objects. Together, modulations of alpha activity 
supporting memory formation depend on the to-be encoded stimulus 
material.
6.1.2 the role of beta power modulations during successful memory 
formation
In Chapter 3, we further analyzed the data obtained in the experiment 
described in Chapter 2. We compared beta activity while participants 
encoded word sequences in LTM to when they maintained these sequences 
in WM. Generally, participants made sentences containing the three words 
to encode word sequences in LTM but only repeated the words subvocally 
or ‘did nothing’ to maintain the sequences in WM. Beta power at frontal, 
temporal and central sensors was significantly lower during the post-
stimulus delay of LTM than WM trials. Moreover, the reduction in beta power 
correlated with performance on the LTM task. In the source level data, the 
effect in the beta band was strongest in the left inferior frontal gyrus (LIFG) 
and left insula. Decreased beta power is usually observed when an area 
is engaged in the task (Engel & Fries, 2010; Neuper & Pfurtscheller, 2001). 
Therefore, our results suggest that LIFG and left insula were engaged in an 
‘extra process’ participants used to encode word sequences in LTM. Decreased 
beta power over frontal sensors has been observed before when researchers 
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compared deep and shallow semantic encoding of words (Hanslmayr, et al., 
2009). This result fits well with our findings, if we assume that more elaborate 
semantic processing took place during LTM than WM trials. Many other 
studies reported activations in left frontal areas during language related 
processes (Hagoort, 2008; Indefrey & Levelt, 2004; Price, 2010; Salmelin, Hari, 
Lounasmaa, & Sams, 1994).
Summarized, lower beta power in the LIFG and left insula (reflecting 
engagement of the underlying area) was found during memorization 
compared to maintenance of word sequences. Most likely, encoding word 
sequences in LTM involved language related processes, while maintenance 
of these sequences in WM did not require participants to engage in these 
processes.
6.1.3 the role of gamma power modulations during successful memory 
formation
Besides alpha and beta activity, gamma activity was also analyzed in relation 
to the tasks introduced in Chapters 2 and 4. Strong gamma activity (> 30 
Hz) is normally seen in task relevant areas and thought to reflect neural 
processing and neural communication (Fries, 2009; Jensen, et al., 2007; 
Uhlhaas et al., 2009). 
In Chapter 3, we investigated gamma activity associated with encoding 
and maintenance of word sequences in LTM and WM, respectively. We 
observed a sustained increase in gamma activity (55-65Hz) over left fronto-
central sensors while participants rehearsed word sequences with the goal 
of encoding them in LTM compared to when they just tried to maintain 
the sequences in WM. This increase in gamma power correlated with 
performance on LTM trials. In the source level data, the strongest effect in 
the gamma band was observed in the medial part of BA 6 (SMA and pre-
SMA). Which processes relevant for memory formation could have induced 
gamma activity in BA6? Activations in BA6 have been reported in relation to 
various cognitive functions, including motor preparation (Nachev, Kennard, 
& Husain, 2008), timing (Wiener, Turkeltaub, & Coslett) and word production 
(Indefrey & Levelt, 2004). Activations in bilateral pre-motor areas are also 
consistently found in relation to memory formation (Kim, 2011). We can 
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exclude the possibility that preparation of button presses caused the effect 
because no button presses were required or made after the post-stimulus 
delay. Engagement of SMA/pre-SMA could have facilitated formation of 
sentences by word generation, preparation /execution of subvocal speech, 
and timing of words and punctuation. 
In Chapter 5, we described gamma band activity (60-140 Hz) related to 
memorization of words and objects (experiment is introduced in Chapter 4). 
In this experiment, participants were not instructed to use a specific strategy. 
Afterwards, we noticed that participants mainly used one of two strategies 
to either memorize words or objects. During word trials, participants 
associated the word with other information (elaborate strategy), or repeated 
the word subvocally (non-elaborate strategy). In the object trials, participants 
mainly tried to recognize known items in the objects (elaborate strategy) or 
visualized (parts of ) the objects (non-elaborate strategy). Per strategy and 
condition, the SME and correlations between SMEs and performance were 
analyzed. We did not find significant SMEs. However, significant positive 
correlations were observed for participants who used an elaborate encoding 
strategy. In the sensor level data, gamma activity over frontal sensors during 
the complete trial correlated significantly with performance for both the 
word and object condition. In the source level data, regions in which gamma 
activity correlated strongest with performance differ slightly for the word 
and object conditions; word condition: left: BA 6, 4, 1, 2, 3, right: BA 9, 10, 46; 
object condition: left: BA 44, 45, 47, middle: BA 8, 9, 10, 32, right: BA 6. Gamma 
band SMEs and performance of participants who used a non-elaborate 
encoding strategy were not correlated. Which processes could have caused 
these effects? Finding a relation between SMEs and performance only for 
participants who use an elaborate encoding strategy suggest that the 
gamma activity reflected elaborate processing of the stimulus. Elaborate 
rehearsal processes like semantic processing of the stimulus, integrating 
information and subvocal speech could have contributed to successful 
encoding of stimuli in LTM. 
6.2 ConClusion
The studies in this thesis have provided more insight in oscillatory activity 
during memory formation. We replicated previous studies which show 
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a positive relation between the amount of items maintained in working 
memory and alpha power. Increased alpha activity over occipital and parietal 
areas also improved encoding of single words and word sequences in LTM, 
while encoding of objects seemed to benefit from low alpha power in the 
ventral stream. Also, low beta and high gamma activity over temporal, central 
and frontal areas was related to improved encoding of words and objects. 
The size of the SMEs correlated with the participants’ performance. 
6.3 future researCh
Before and during this project, many fMRI studies on memory formation 
were published while only a few studies investigated memory related 
processes with MEG. The main reason to not use MEG is that the reliability of 
MEG signals from the hippocampus/medial temporal lobe are questionable. 
Given that this region is crucially involved in encoding information in LTM, 
the usability of MEG can be limited. Though, subsequent memory effects are 
found consistently in several other areas; left-inferior frontal gyrus, fusiform 
gyri, posterior parietal and premotor cortices. In this thesis, we show memory 
related effects in these four areas using MEG. Though MEG cannot measure 
signals from the medial temporal lobe, I think more knowledge can be 
gained from extra MEG studies in which processes in other memory related 
areas is investigated. Moreover, MEG allows researchers to answer questions 
like: Are effects related to online or offline processing of the stimulus? When 
do effects start and finish? In which frequency bands are effects most 
prominent? How do these effects differ when participants encode different 
types of stimulus materials/ use different encoding strategies?
In Chapters 3 and 5, we suggested that the effects we found relate to 
elaborate rehearsal processes. It would be interesting to know whether 
this interpretation is indeed true; do these effects in the brain really reflect 
rehearsal processes or did other aspects of the memory tasks cause these 
effects? Using incidental learning tasks would bring us closer to answering 
this question. In such a task, participants don’t know that the task contains 
a test about the to-be-learned stimulus material at the moment they 
memorize the stimuli. We could present words to participants and ask them 
to do nothing, repeat the word subvocally, or make a sentence with the word 
(without speaking). Comparing the last two conditions is expected to result 
in effects similar to the ones described in Chapters 3 and 5. 
Another angle to continue this line of research could be to focus on the 
interaction of areas involved in memory formation. Which areas interact with 
each other? What are the time courses of these interactions? And how do 
regions interact? By means of cross-frequency coupling, for example? 
In general, many more research questions about memory formation can and 
will be asked in the future. Knowing how we form memories in our daily lives 
is interesting by itself but could also help us to understand memory related 
diseases and give us new insights in how to improve our abilities to form 
new memories and update existing ones. After all, who does not want to 
improve his or her memory a bit?
nederlandse samenVatting 
Bij het opslaan van informatie in het lange termijn geheugen is een 
uitgebreid netwerk van hersengebieden betrokken. Relevante gebieden 
moeten worden geactiveerd, maar geheugenvorming vereist ook dat 
regio’s die niet nodig zijn voor de taak geremd worden (Daselaar, Prince, en 
Cabeza, 2004; Otten & Henson, 2001; Uncapher & Wagner, 2009). Deze regio’s 
zouden kunnen deelnemen aan storende processen en dat moet worden 
voorkomen. Geheugenvorming wordt vaak onderzocht door hersenactiviteit 
te registeren wanneer een proefpersoon nieuwe informatie leert. Na deze 
leerfase van het onderzoek wordt in de testfase gekeken welke informatie 
hij of zij onthouden heeft en welke informatie vergeten blijkt te zijn. De 
hersenactiviteit opgenomen tijdens het leren van later onthouden informatie 
wordt uiteindelijk vergeleken met hersenactiviteit tijdens het leren van 
later vergeten informatie (het latere geheugen-effect , LGE) (Brewer, Zhao, 
Desmond, Glover, & Gabrieli, 1998;. Wagner et al., 1998). Deze LGE’s tonen 
“extra” activiteit die nodig is voor het succesvol opslaan van informatie in het 
lange termijn geheugen. Zoals beschreven in de inleiding van dit proefschrift, 
omvat geheugenvorming een aantal stappen (die in tijd deels overlappen). 
Eerst, grijpt een stimulus in de omgeving de aandacht. Dit leidt tot de vorming 
van een neuronale representatie. Wanneer de stimulus niet meer aanwezig 
is in de omgeving (de vogel is gevlogen!), moet de neurale representatie 
gehandhaafd worden in het werkgeheugen. Het werkgeheugen kan alleen 
kleine hoeveelheden informatie voor een korte periode vasthouden (een 
paar seconden tot een minuut). Mogelijk wordt de representatie in het 
werkgeheugen gemanipuleerd of geassocieerd met andere representaties 
om de kans te vergroten dat deze succesvol word opgeslagen in het lange 
termijn geheugen. Het lange termijn geheugen bevat alle kennis die je over 
de jaren heen hebt opgedaan. Om kennis voor langere tijd vast te leggen, 
moeten de synaptische verbindingen tussen neuronen die een specifieke 
stimulus verwerken worden versterkt. De hersenactiviteit die samengaat 
met al deze processen kan een onderdeel zijn van het LGE. Een meta-analyse 
van studies waarin gebruik wordt gemaakt van de functionele magnetische 
resonantie beeldvormingstechniek, fMRI, toonde aan dat deze effecten 
vooral zijn te vinden in vijf gebieden van de hersenen: linker inferieure 
frontale cortex, bilaterale fusiforme cortex, bilaterale mediale temporale 
kwab, bilaterale premotorische cortex, en bilaterale posterieure pariëtale 
cortex gecentreerd rond de intraparietal sulcus (Kim, 2011). Verminderde 
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hersenactiviteit met betrekking tot een succesvolle geheugenvorming werd 
voornamelijk waargenomen in de precuneus, posterior cingulate cortex en 
temporele-pariëtale junctie, superieure frontale cortex, anterieure cingulate 
cortex / ventromediale prefrontale cortex en de frontale pool (Kim, 2011).
Het BOLD-signaal (dat gemeten wordt met fMRI) staat bekend om zijn 
goede ruimtelijke resolutie; de locatie van een activatie kan erg nauwkeurig 
bepaald worden. De temporele resolutie is slechter, waardoor op basis van 
deze signalen geen conclusies kunnen worden getrokken over de temporele 
dynamiek van processen in het brein. In tegenstelling tot BOLD signalen, 
hebben magnetoencefalografische (MEG) signalen een goede tijd resolutie 
en een redelijk goede ruimtelijke resolutie. Daarom hebben we processen 
gerelateerd aan geheugen onderzocht met MEG. We keken voornamelijk 
naar oscillatoire activiteit in de alfa (8-12 Hz), bèta (13-29 Hz) en gamma 
band (> 30 Hz). Men denkt dat corticale oscillaties in de alfa en beta band 
functionele remming van het onderliggende gebied reflecteren (Jensen 
& Mazaheri, 2010; Klimesch, Sauseng, & Hanslmayr, 2007; Thut & Miniussi, 
2009), terwijl gamma oscillaties juist betrokken zijn bij neurale communicatie 
(Engel, Fries, & Singer, 2001; Fries, 2009; Jensen, Kaiser, en Lachaux, 2007). 
Dientengevolge zien we sterke alfa en bèta activiteit in gebieden die niet 
betrokken zijn bij het uitvoeren van een cognitieve taak, en sterke gamma 
activiteit in gebieden waar de cruciale processen zich afspelen.
6.1 onderzoeksVragen
De belangrijkste vragen binnen dit project waren: 
• Hoe is alfa activiteit in de occipitale / pariëtale cortex gemoduleerd bij het 
opslaan van woord sequenties, losse woorden en objecten in het lange 
termijn geheugen?
• Welke regio’s zijn juist “actief” bij de opslaan van woord sequenties, losse 
woorden en objecten in lange termijn geheugen? En welke patronen van 
oscillatoire activiteit worden gezien in deze hersengebieden?
• Is er een verband tussen de grootte van de effecten in de alfa, bèta en 
gamma band en de prestaties van proefpersonen op de geheugentaken?
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Door het beantwoorden van deze vragen hebben we meer inzicht proberen 
te krijgen in de oscillatoire activiteit die ten grondslag ligt aan het succesvol 
opslaan van informatie in het lange termijn geheugen.
6.2 Belangrijkste BeVindingen
6.2.1 alfa activiteit tijdens succesvolle geheugenvorming
In Hoofdstuk 2 hebben we oscillatoire activiteit in de hersenen bekeken 
die was opgenomen terwijl proefpersonen woord sequenties vast hielden 
in hun werkgeheugen (werkgeheugen trials) of  opsloegen in hun lange 
termijn geheugen (lange termijn geheugen trials). Zoals u net heb gelezen 
wordt informatie eerst in het werkgeheugen opgeslagen en kan het dan 
worden ‘overgezet’ naar het lange termijn geheugen. In werkgeheugen en 
lange termijn geheugen trials, werden drie woorden na elkaar gepresenteerd 
gevolgd door een post-stimulus periode waarin proefpersonen naar een 
leeg scherm keken. Voor de start van het onderzoek vertelden we de 
proefpersonen dat het handig zou zijn als zij zinnen zouden maken met de 
drie gepresenteerde woorden tijdens deze post stimulus periode, om de 
woord sequenties makkelijker te kunnen onthouden.
Na analyse van de data bleek dat alfa activiteit in de occipitale en pariëtale 
gebieden tijdens de post-stimulus periode van lange termijn geheugen 
trials een grotere amplitude had wanneer een woord sequentie later (tijdens 
de test) onthouden bleek te zijn dan wanneer een woord sequentie later 
vergeten bleek te zijn; een significant LGE (zie ook Khader, Jost, Ranganath, 
& Rösler, 2010). Tijdens de post-stimulus periode van werkgeheugen trials, 
was de amplitude van de alfa golven groter wanneer de proefpersoenen drie 
verschillende woorden vast hielden in het werkgeheugen dan wanneer drie 
keer hetzelfde woord werd vastgehouden (zie ook Jensen, Gelfand, Kounios, 
en Lisman, 2002;. Tuladhar et al., 2007). Deze bevindingen suggereren 
dat specifiek tijdens de post-stimulus periode, sterke alfa activiteit in de 
occipitale en pariëtale cortex belangrijk is bij het vasthouden en het opslaan 
van woord sequenties in respectievelijk het werkgeheugen en lange termijn 
geheugen . Alfa activiteit wordt beschouwd als activiteit die betrokken is 
bij de functionele remming van het onderliggende gebied. Daarom laten 
onze resultaten zien dat remming van de occipitale en pariëtale gebieden 
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bijdraagt aan het succesvol opslaan van woord sequenties in het lange 
termijn geheugen, en het vasthouden van woord sequenties “met meer 
inhoud” in het werkgeheugen. Mogelijk zorgde het remmen van storende 
hersenactiviteit en/ of het voorkomen dat men raakt afgeleid door nieuwe 
visuele stimuli ervoor dat de woord sequenties beter vastgehouden en 
onthouden werden.
In hoofdstuk 4, veranderden we drie aspecten aan het hierboven beschreven 
experiment om een nieuw geheugentaak te ontwerpen. Ten eerste leerden 
proefpersonen in de nieuwe taak geen sequenties meer van drie woorden, 
maar bevatte elke trial nu één woord. Ten tweede vroegen voegden we ook 
trials met objecten toe aan de taak. Dit waren tekeningen van abstracte 
objecten (voor een voorbeeld zie figuur 4.1B). We wilden onderzoeken of 
sterke alfa activiteit altijd het opslaan van informatie bevordert of dat dit 
afhankelijk is van het type informatie dat proefpersonen leren. Aangezien 
de occipitale en pariëtale gebieden juist belangrijk zijn bij het opslaan van 
objecten in het lange termijn geheugen, verwachtten we dat sterke alfa 
activiteit (~ remming) in deze regio’s het leren van objecten zelfs zou kunnen 
schaden. Ten derde waren de proefpersonen vrij om te kiezen welke strategie 
ze wilden toepassen bij het onthouden van de items. We verwachtten dat 
dit zou leiden tot een grote variatie in prestaties op de geheugentest en 
wilde bekijken of individuele verschillen in prestaties zijn gerelateerd aan 
de amplitude van de alfa golven. Om dit te onderzoeken correleerden we 
de d-prime scores (maat voor de prestatie op de test) met de grootte van 
het LGE (latere geheugen effect) in de alfa band tijdens de post-stimulus 
periode, apart voor de trials met woorden en objecten. 
Voor het trials met woorden vonden we een positieve correlatie tussen de 
prestaties en het LGE over de pariëtale cortex. Dit betekent dat proefpersonen 
die het best presteerden op de test, ook het grootste LGE in de alfa band lieten 
zien. Dit is een vergelijkbaar resultaat als verkregen in hoofdstuk 2, remming 
van de occipitale en pariëtale cortex tijdens de post-stimulus periode bleek in 
dit hoofdstuk gerelateerd aan het succesvol opslaan van woord sequenties in 
het lange termijn geheugen. Het onderzoek in hoofdstuk 4 laat een verband 
zien tussen de mate van remming en de prestaties van de proefpersonen op 
de woord trials van de geheugentaak. 
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Voor de trials met objecten, vonden we juist een negatieve correlatie tussen 
de LGE in de alfa band over de ventrale visuele gebieden en de prestaties op 
deze object trials. Deze correlatie was net niet significant maar suggereert 
dat hoe zwakker de alfa activiteit tijdens de post-stimulus periode in de 
ventrale visuele gebieden was, hoe beter de objecten door proefpersonen 
werden onthouden. Aangezien uit fMRI studies al eerder bleek dat de 
bilaterale fusiforme cortex in de ventrale visuele gebieden betrokken zijn 
bij het opslaan van objecten in het lange termijn geheugen, is dit resultaat 
in lijn met de resultaten van fMRI-studies (Kim, 2011; Ranganath, Cohen, en 
Brozinsky, 2005). 
In hoofdstuk 2 zagen we een significant LGE in de alfa-band over occipitale 
en pariëtale cortex terwijl proefpersonen woord sequenties leerden. En in 
hoofdstuk 4 laten we een significante correlatie zien tussen de grootte van 
het LGE en prestaties op de geheugentest voor de trials met woorden. Hoe 
kunnen we het verschil tussen deze resultaten verklaren? Een duidelijk verschil 
tussen de twee onderzoeken is de instructie die we de proefpersonen gaven. 
In hoofdstuk 2, vroegen we de deelnemers om zinnen te maken van de drie 
gepresenteerde woorden, terwijl in hoofdstuk 4 proefpersonen zelf mochten 
bepalen hoe zij de woorden onthouden. De vraag is: Is er een verband tussen 
het verschil in de gegeven instructies en het verschil in de resultaten? In 
expliciete, maar ook incidentele leertaken (expliciet: de proefpersoon weet 
de taak een geheugentest bevat, incidenteel: op het moment van leren 
weet de proefpersoon niet dat zijn/ haar kennis later getest zal worden), 
verbeterden de prestaties wanneer proefpersonen extra aspecten van 
woorden verwerkten, zoals het uiterlijk, de klank en de betekenis van de 
woorden (Craik & Tulving, 1975). Dit effect werd vaak gerepliceerd (waaronder 
in Baker, Sanders, Maccotta, en Buckner, 2001; Fliessbach, Buerger, Trautner, 
Elger, & Weber, 2010; Hanslmayr, Spitzer, & Bauml, 2009; Otten & Henson, 2001; 
Schott et al., 2011; Wagner, et al., 1998). Gebaseerd op deze resultaten, stelde 
Craik voor dat prestaties op een geheugentaak sterk gerelateerd zijn aan hoe 
stimuli worden verwerkt en in mindere mate aan het type geheugentaak; 
expliciet of incidenteel. Wel suggereerde hij dat proefpersonen die weten 
dat ze een geheugentest zullen maken gemotiveerder zijn om de informatie 
te leren en daardoor ook meer aspecten van de stimulus zullen verwerken 
wanneer zij de informatie aangeboden krijgen (Craik, 2007). In hoofdstuk 2, 
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maakten alle proefpersonen zinnen met de drie gepresenteerde woorden. 
Hiervoor moeten veel aspecten van de woorden worden verwerkt, de 
betekenis van de individuele woorden moeten met elkaar geassocieerd 
worden om een goedlopende zin te make. Het feit dat alle proefpersonen 
dezelfde strategie toepasten zou de oorzaak kunnen zijn van weinig variatie 
in de grootte van het LGE en de prestatie op de test. Wanneer de grootte 
van een effect weinig varieert in een groep met proefpersonen is de kans 
dat het effect significant blijkt na statistische tests erg groot. In hoofdstuk 4, 
mochten proefpersonen zelf hun leerstrategie bepalen. Dit leidde tot een 
grote variatie in leerstrategieën. Mogelijk was er een relatie tussen de intentie 
om de woorden te leren, de prestatie op de geheugentest en hoe uitgebreid 
het woord werd verwerkt door de proefpersonen (zoals gesuggereerd door 
Craik). Dit betekent dat de proefpersonen die de woorden erg graag wilden 
leren en dus goed presteerden op de test, de woorden ook uitgebreider 
verwerkten. In de data zagen we inderdaad een grote variatie in de prestaties 
van proefpersonen en grootte van het LGE in de alfa band. Hierdoor vonden 
we geen significant LGE maar wel een significante correlatie tussen het LGE 
en de prestatie op de taak. Dit zou erop kunnen duiden dat proefpersonen 
die hun best deden om woorden uitgebreid te verwerken, beter presteerden 
op de taak en ook een groter LGE in de alfa band lieten zien.  
Op basis van deze studies kunnen we concluderen dat een sterke alfa activiteit 
in de occipitale en pariëtale cortex is gerelateerd aan het succesvol opslaan 
van woord sequenties en losse woorden in het lange termijn geheugen. 
Sterke alfa activiteit wordt meestal waargenomen in gebieden die irrelevant 
zijn voor de taak, het wordt dan ook gedacht dat  alfa activiteit functionele 
remming reflecteert. De resultaten van onze experimenten suggereert dat 
remming van de occipitale en pariëtale cortex bijdraagt aan het opslaan van 
woorden in het lange termijn geheugen. Zwakke alfa activiteit in de ventrale 
visuele gebieden lijkt daarentegen gerelateerd aan het opslaan van abstracte 
objecten in het lange termijn geheugen. Al met al is het afhankelijk van het 
type informatie dat men probeert te onthouden, of remming of activatie van 
een gebied de beste prestatie oplevert. De remming en activatie kan men 
terugzien als respectievelijk een toename of afname van de sterkte van het 
alfa signaal. 
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6.2.2 Bèta activiteit tijdens geheugenvorming
In hoofdstuk 3 beschrijven we extra analyses op de data die zijn verkregen 
in het experiment beschreven in Hoofdstuk 2. In dit onderzoek werden 
steeds drie woorden gepresenteerd. De taak van de proefpersonen was 
om de volgorde respectievelijk vast te houden in het werkgeheugen 
(werkgeheugen trials) of op te slaan in het lange termijn geheugen 
(lange termijn geheugen trials). Achteraf, vergeleken we de bèta activiteit 
tijdens de post-stimulus periode van deze twee typen trials. We stelden 
de proefpersonen voor om zinnen te maken van de drie woorden, om de 
woord sequenties zo makkelijker te kunnen onthouden en checkten door 
middel van een evaluatieformulier of zij deze strategie ook toepasten. Uit 
de antwoorden bleek dat zij de aangereikte strategie toe hadden gepast 
tijdens de lange termijn geheugen trials maar niet tijdens de werkgeheugen 
trials. Tijdens post-stimulus periodes van de werkgeheugen trials, deden 
proefpersonen “niets” of herhaalden de zij de woorden subvocaal (“in hun 
hoofd”). Bèta activiteit op de frontale, temporale en centrale MEG sensoren 
was significant lager tijdens de post-stimulus periode van lange termijn 
geheugen trials dan tijdens dezelfde periode in de werkgeheugen trials. 
Bovendien was de grootte van dit effect gecorreleerd met de prestatie op 
de lange termijn geheugen trials; hoe groter de afname van bèta activiteit 
tijdens de lange termijngeheugen trials, hoe beter proefpersonen de woord 
sequenties hadden onthouden. In een bron lokalisatie analyse bleek het 
effect in de bèta band het sterkst in de linker inferieure frontale gyrus (LIFG) 
en linker insula. 
Verminderde bèta activiteit wordt meestal waargenomen wanneer een 
gebied betrokken is bij de taak (Engel & Fries, 2010; Neuper & Pfurtscheller, 
2001). Onze resultaten suggereren dus dat in de linker frontale cortex een 
‘extra proces’ plaats vond om de woord sequenties op te slaan in het lange 
termijn geheugen ten opzichte van wanneer een woord sequentie alleen 
wordt vastgehouden in het werkgeheugen. Verminderde bèta activiteit in 
deze regio is al eerder waargenomen wanneer onderzoekers semantische 
en non-semantische verwerking van woorden vergeleken (Hanslmayr, et al., 
2009). Dit resultaat sluit goed aan bij onze bevindingen, als we aannemen 
dat een meer uitgebreide semantische verwerking plaats vond tijdens de 
lange termijn geheugen trials dan tijdens de werkgeheugen trials. Ook veel 
nederlandse samenvatting | 129
andere studies rapporteerden activaties van de linker frontale gebieden 
tijdens taal gerelateerde processen (Hagoort, 2008; Indefrey & Levelt, 2004; 
Price, 2010; Salmelin, Hari, Lounasmaa, en Sams, 1994).
Samengevat, we vonden verminderde bèta activiteit in de LIFG en linker insula 
tijdens de opslaan van woord sequenties in het lange termijn geheugen in 
vergelijking met het vasthouden van woord sequenties in het werkgeheugen. 
Waarschijnlijk wordt dit effect veroorzaakt door taal gerelateerde processen 
die het opslaan van de woord sequenties bevorderen, terwijl deze processen 
minder belangrijk waren bij het vasthouden van de woord sequenties in het 
werkgeheugen.  
6.2.3 gamma activiteit tijdens geheugenvorming
Naast alfa en bèta activiteit, werd ook de gamma activiteit in de MEG data in 
relatie tot de taken geïntroduceerd in de hoofdstukken 2 en 4 geanalyseerd. 
Sterke gamma activiteit (> 30 Hz) wordt normaliter waargenomen in 
hersengebieden die actief betrokken zijn bij het uitvoeren van een taak. Men 
denkt dat deze oscillaties een belangrijke rol spelen bij de verwerking van 
informatie door de neuronen en neurale communicatie (Fries, 2009; Jensen, 
et al., 2007; Uhlhaas et al., 2009).
In hoofdstuk 3 beschrijven we gamma activiteit tijdens opslaan en 
vasthouden van woord sequenties in het lange termijn geheugen en 
werkgeheugen. Gedurende de post-stimulus periode van lange termijn 
geheugen trials zagen we een toename van gamma activiteit (55-65Hz) 
over de linker fronto-centrale sensoren in vergelijking met dezelfde periode 
van de werkgeheugen trials. Dit verschil in gamma activiteit correleert 
significant met de prestaties op lange termijn geheugen trials. Na een bron 
lokalisatie analyse zagen we dat het verschil in gamma activiteit het sterkst 
was in het mediale deel van BA 6 (supplementaire motor gebied (SMA) en 
pre-SMA). Welke processen die relevant zijn voor geheugenvorming liggen 
ten grondslag aan gamma activiteit in BA6? Activaties in BA6 zijn eerder 
gerapporteerd in relatie tot verschillende cognitieve functies, waaronder 
het voorbereiden van bewegingen (Nachev, Kennard, en Husain, 2008), 
timing (Wiener, Turkeltaub, & Coslett) en woord productie (Indefrey & Levelt, 
2004). Ook in relatie tot geheugenvorming worden consistent activaties in 
de bilaterale pre-motorische hersengebieden gemeten (Kim, 2011). In ons 
experiment kunnen we uitsluiten dat het voorbereiden van bewegingen het 
effect in de gamma band tijdens de post-stimulus periode veroorzaakte. Wel 
zou bijvoorbeeld het voorbereiden en/ of uitvoeren van subvocale spraak, 
de timing van woorden en interpunctie bij het maken van de zinnen en 
woord productie een rol kunnen hebben gespeeld bij het opslaan van de 
woord sequenties in het lange termijn geheugen, terwijl deze processen 
niet of minder belangrijk waren bij het vasthouden van de woord sequenties 
in het werkgeheugen.  
In hoofdstuk 5 beschrijven we gamma activiteit (60-140 Hz) met betrekking 
tot het opslaan van losse woorden en objecten in het lange termijn 
geheugen. In dit experiment werden proefpersonen niet geïnstrueerd om 
een specifiek strategie te gebruiken om de items te leren. Achteraf merkten 
we dat de proefpersonen vooral een van twee leerstrategieën  gebruikten om 
zowel woorden als objecten te onthouden. Tijdens woord trials probeerden 
proefpersonen het woord te associëren met andere informatie (uitgebreide 
leerstrategie), of ze herhaalden het woord subvocaal (niet-uitgebreide 
leerstrategie). In de object trials probeerden proefpersonen bekende items 
te herkennen in de objecten zoals cijfers of gebruiksvoorwerpen (uitgebreide 
leerstrategie) of visualiseerden zij (delen van) de objecten (niet-uitgebreide 
leerstrategie). We vonden geen significante LGEs; effect wanneer gamma 
activiteit tijdens later onthouden en later vergeten trials vergeleken wordt. 
Maar wanneer we de LGEs correleerden met de prestaties op de taak, per 
strategie (uitgebreid en niet-uitgebreid) en conditie (woorden en objecten) 
vonden we significante positieve correlaties voor de groepen proefpersonen 
die een uitgebreide leerstrategie toepasten in de woord of de object conditie. 
Tijdens de gehele trial (stimulus presentatie én post-stimulus periode) zagen 
we dat de LGEs  in de gamma band op frontale sensoren correleerden met 
de prestaties; dat wil zeggen mensen die goed presteerden, hadden ook 
een groot LGE. We deden weer een bron lokalisatie analyses om te zien 
waar in de hersenen de correlatie het sterkst was. De locatie met de sterkste 
correlatie in de woord conditie (BA 6, 4, 1, 2, 3, rechts: BA 9, 10, 46) verschilde 
van de locatie waar de correlatie in de object conditie het sterkst was (links: 
BA 44, 45, 47, midden: BA 8, 9, 10, 32, rechts: BA 6). Voor de proefpersonen die 
een niet-uitgebreide leerstrategie toepasten vonden we geen significante 
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correlaties tussen de LGEs in de gamma band en de prestaties op de taak. 
Welke processen zouden deze effecten veroorzaakt kunnen hebben? 
Omdat we alleen een relatie vonden tussen het LGE en de prestaties voor de 
groepen proefpersonen die een uitgebreide leerstrategie toepasten, denken 
we dat de gamma activiteit cognitieve processen reflecteert die belangrijk 
zijn om het woord of object uitgebreid te kunnen verwerken. Semantische 
verwerking, het integreren van associaties met het item, en subvocale spraak 
tijdens het leren kunnen hebben bijgedragen het succesvol opslaan van de 
woorden en objecten in het lange termijn geheugen.
6.3 ConClusie
De experimenten beschreven in dit proefschrift hebben ons meer inzicht 
gegeven in oscillatoire activiteit tijdens het opslaan van informatie in het lange 
termijn geheugen. We repliceerden eerdere onderzoeken die een positief 
verband aantoonden tussen de het aantal items dat wordt vastgehouden in 
het werkgeheugen en alfa activiteit. Verhoogde alfa activiteit tijdens de post-
stimulus periode  en in de occipitale en pariëtale hersengebieden bleek een 
rol te spelen bij het opslaan van losse woorden en woord sequenties in het 
lange termijn geheugen. Tijdens dezelfde periode van trials met objecten 
profiteert men juist van verlaagde alfa activiteit in de ventrale visuele 
gebieden. Ook lage bèta activiteit en hoge gamma activiteit in centrale en 
frontale gebieden was gerelateerd aan het succesvol opslaan van woord 
sequenties in het lange termijn geheugen. Losse woorden en objecten 
werden het best opgeslagen wanneer breedbandige gamma activiteit in de 
frontale gebieden verhoogd was en een uitgebreide leerstrategie toepaste 
in de leerfase van het onderzoek. 
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